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This thesis describes applications of advanced multinuclear solid-state nuclear 
magnetic resonance (NMR) experiments to the characterisation of industrially-
relevant catalyst materials. Experiments on γ-Al2O3 introduce the use of solid-state 
NMR spectroscopy for the investigation of disordered solids. The existence of Al(V) 
sites on the surface of this material is demonstrated, showing that removal of adsorbed 
H2O may facilitate a rearrangement effect in γ-Al2O3 that promotes the formation of 
these Al environments. A range of aluminium oxide-based supported metal catalysts 
has been investigated. Studies of these systems by 1H and 27Al solid-state NMR 
spectroscopy indicate that a metal-support interaction (MSI) exists between surface 
cobalt oxide crystallites and the γ-Al2O3 support, and is strongest for materials 
containing small, well dispersed Co oxide crystallites. It is shown that the hygroscopic 
nature of γ-Al2O3 allows the extent of the MSI to be visualised by 
1H MAS NMR, by 
observing the extent of the proton-metal oxide interaction resulting from the presence 
of adventitious adsorbed H2O. The surface/bulk chemistry of Co spinel aluminate 
materials is also investigated. 1H, 29Si, 27Al and 17O solid-state NMR techniques are 
used to gain insight into the structural nature of silicated alumina catalysts. The 
combination of isotopic enrichment and dynamic nuclear polarisation (DNP) surface-
enhanced NMR spectroscopy can provide a definitive and fully quantitative 
description of the surface structure of Si-γ-Al2O3 (1.5 wt% Si), and the role of 
adventitious surface water is highlighted. Analysis of silicated aluminas prepared by 
“sequential grafting” and “single shot” approaches shows that silica growth on γ-Al2O3 
follows two distinct morphologies. 17O gas exchange enrichment is also shown to be 
successful in facilitating 17O solid-state NMR studies of these materials. It is 
demonstrated that double (29Si and 17O) enrichment of Si-γ-Al2O3 (1.5 wt% Si) can 
facilitate access to 29Si-17O 2D correlation experiments, even at low silica loading. An 
exploratory investigation of Ti-alumina model catalysts has also been carried out using 
1H, 27Al and 17O solid-state NMR spectroscopy. These studies indicate that Ti-γ-Al2O3 
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Chapter 1. Introduction 
 
 
1.1 Catalysis and Catalysts 
 
The term “catalyst” was first used in 1835 to refer to a chemical species that is capable 
of promoting a chemical reaction via “catalytic contact”,1 i.e. the catalyst can be added 
to a reaction to speed up the rate without itself being consumed in the process. Since 
the beginning of the 20th century, catalysts have played a major role in the chemical 
industry, and over 95% of chemicals today are produced by processes containing at 
least one catalytic step. Generally, catalysts can be divided into two types: 
homogeneous, operating in the same phase as the one where the reaction occurs, and 
heterogeneous, where the two phases are different.2 The catalytic materials dealt with 
in this work are of the second, heterogeneous, type.  
 
As mentioned above, chemical production and processing is highly reliant on catalysis. 
In particular, the transportation fuels sector is attempting to move towards fuel sources 
based on alternatives to crude oil, as it is a finite resource. Several methods exist for 
the production of such liquid fuels from natural gas, coal or biomass with one of the 
key examples being Fischer-Tropsch (F-T) synthesis. The process was developed in 
the 1920s by Franz Fischer and Hans Tropsch in Mülheim an der Ruhr, Germany.3 
Their aim was to develop a method by which coal could be converted into synthetic 
crude oil (“syncrude”), because in Germany there was a desire not to be reliant on 
natural petroleum as a fuel source at that time.4 Fischer and Tropsch’s efforts were 
well-received, and in 1934 F-T technology was commercialised by Ruhrchemie A. G.5 
A F-T production facility can be divided into three main components: generation of 
synthesis gas (“syngas”) by gasification of coal or natural gas conversion; F-T 
synthesis, where syngas is converted into hydrocarbons, and product upgrading, where 
specific final products are produced.6 In industry, F-T technology is classified as either 
high temperature F-T (HTF-T) or low temperature F-T (LTF-T), with the difference 
between the two being the operating conditions and product compositions. HTF-T 
processes typically produce higher mass % of olefins (alkenes) than their low-
temperature counterparts.7 Fischer-Tropsch reactions are catalysed by transition 
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metals, such as cobalt, iron or ruthenium, loaded onto oxide supports such as TiO2, 
SiO2 or Al2O3. These types of catalysts are discussed in more detail in Chapters 5 and 
6. 
 
Fluid catalytic cracking (FCC) also plays an important role in the commercial 
production of modern fuels. The process was developed in the 1940s by researchers 
working for the Standard Oil Company.8 It involves the conversion of heavy olefins 
into more valuable products such as light olefins, middle distillates and petrol (also 
called gasoline). FCC is a versatile process and, as such, is capable of converting the 
products of F-T reactions into these kind of high value products.9 As its name suggests, 
the FCC process utilises a solid catalyst that is made to behave like a fluid via the 
addition of hot vapour and liquid fed into the cracking column. This allows it to move 
easily through the reactor vessel and in combination with heat, ‘cracks’ apart large 
molecules of crude oil into smaller ones.9 The FCC process utilises aluminosilicates 
such as zeolites and silicon-modified aluminas as catalysts, due primarily to their 
thermal stability, pore geometry and acid site strength, which enables product 
selectivity to be controlled in complex reactions. Solid acids are also attractive because 
they are convenient to handle in reactors, can be used at high temperatures and possess 
similar fundamental chemistry to solution-based acids.10 These types of catalysts are 
also used in the dehydrative conversion of methanol/dimethyl ether (DME) to 
hydrocarbons, a key industrial process for the production of light olefins and 
petroleum,11 and the Claus process for sulfur recovery from the gaseous H2S found in 
raw natural gas.12 Further detail on Si-alumina catalysts is given in Chapter 6. 
 
1.2 Studying Catalysts by NMR Spectroscopy 
 
The choice of catalyst can have a significant impact on the nature of the products that 
are produced in a reaction, so it is not surprising that there is currently a significant 
interest in the analysis and characterisation of such materials. Several studies have 





Table 1.1. Summary of the nuclear magnetic properties – the spin quantum number, I, natural 
abundance, Larmor frequency, ν0 (at 9.4 T), relative receptivity (to 1H), and nuclear electric quadrupole 
moment, Q (for spin I > 1/2) – of some nuclei commonly found in heterogeneous catalysts.13 
aReceptivity is defined as γ3N(I(I + 1)), where γ is the gyromagnetic ratio of the nucleus and N is the 
natural abundance.13 
 
Nucleus Spin I 
Natural Abundance 
(%) 
ν0 at 9.4 T 
/ MHz 
Receptivity 
Relative to 1Ha 
Q / fm2 
1H 1/2 99.99 400.13 1.00 - 
2H 1 0.01 61.42 1.11 × 10−6 0.27 
13C 1/2 1.07 100.61 1.70 × 10−4 - 
14N 1 99.64 28.92 1.00 × 10−3 2.04 
15N 1/2 0.36 40.56 3.79 × 10−6 - 
17O 5/2 0.04 54.24 1.10 × 10−5 −2.56 
19F 1/2 100.00 376.50 8.33 × 10−1 - 
23Na 3/2 100.00 105.84 9.26 × 10−2 10.4 
25Mg 5/2 10.00 24.49 2.68 × 10−4 19.94 
27Al 5/2 100.00 104.26 2.06 × 10−1 14.66 
29Si 1/2 4.69 79.50 3.67 × 10−4 - 
31P 1/2 100.00 161.98 6.63 × 10−2 - 
39K 3/2 93.26 18.67 4.75 × 10−4 5.85 
47Ti 5/2 7.44 22.557 1.56 × 10−4 30.2 
49Ti 7/2 5.41 22.563 2.04 × 10−4 24.7 
51V 7/2 99.75 105.25 3.83 × 10−1 −5.2 
59Co 7/2 100.00 94.94 2.79 × 10−1 42 
87Rb 3/2 27.83 130.92 4.88 × 10−2 13.35 
89Y 1/2 100.00 19.60 1.19 × 10−4 - 
93Nb 9/2 100.00 97.94 4.89 × 10−1 −32 
109Ag 1/2 48.16 18.62 4.94 × 10−5 - 
183W 1/2 14.31 16.67 1.07 × 10−5 - 
195Pt 1/2 33.83 86.02 3.51 × 10−3 - 
207Pb 1/2 22.1 83.68 2.01 × 10−3 - 
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infrared and Raman) spectroscopy and electron microscopy.14-17 However, many 
researchers have realised that solid-state nuclear magnetic resonance (NMR) 
spectroscopy is ideally suited to the study of heterogeneous catalysts,18-20 as it has been 
demonstrated to be an effective probe of the local structure of materials. Advantages 
include no requirement for long range order, sensitivity to small changes in local 
environments, element specificity and a lack of restriction based on crystallite size.21 
Notable examples include Maciel and co-workers, who in the 1980s provided valuable 
insight into the surface chemistry of silica-based materials. They were able to 
demonstrate that the composition and concentration of surface hydroxyl (SiOH) 
groups could be determined via 1H and 29Si MAS NMR spectroscopy. These 
investigations also revealed that the reactivity of such sites varied considerably, 
depending on whether they were subjected to heat treatment or chemical 
modification.22-24 In the 1990s, the Maciel research group also undertook NMR 
spectroscopic studies of a number of aluminium oxide- and hydroxide-based materials. 
In these studies, they were able to use 1H MAS NMR techniques to demonstrate the 
presence of Al2OH groups on the surface of bohemite (γ-AlOOH), a precursor to the 
widely used γ-Al2O3 catalyst.
25,26 The Hunger research group have also pursued the 
characterisation of catalyst materials by solid-state NMR spectroscopy, with a 
particular focus on zeolites. For example, by using one- and two-dimensional 23Na 
NMR experiments, they were able to characterise sodium cations localised at 
crystallographically distinct cation sites in dehydrated faujasite zeolites.27 In that 
study, they demonstrated the potential of 23Na solid-state NMR spectroscopy for 
obtaining valuable information on cation distributions and coordination properties in 
zeolites and related materials.27  
 
The majority of heterogeneous catalysts are composed of one or more elements that 
possess an NMR-active nucleus. These include “conventional” ones, such as 13C, 29Si 
and 31P,28  as well as more “exotic” nuclei such as 51V and 93Nb.29 Details of some of 
these nuclei and their nuclear magnetic properties are provided in Table 1.1. The nuclei 
most extensively studied in this work, and their applications to heterogeneous catalyst 





Figure 1.1. 1H (14.1 T, 55 kHz MAS) NMR spectrum of L-alanine (structure shown above), with 




1H (spin I = 1/2) is a nucleus with high natural abundance (99.99%) and very high γ. 
This makes 1H NMR spectroscopy very sensitive, although techniques such as fast 
magic angle spinning (MAS)30 or homonuclear decoupling31 are required to 
compensate for large dipolar interactions in order to acquire high resolution spectra 
(these techniques are addressed in more detail in Chapters 2 and 3). The standard 
chemical shift range for 1H is from 20 to −5 ppm, as demonstrated in the 1H MAS 
NMR spectrum of L-alanine in Figure 1.1., although resonances from H species in 
paramagnetic compounds may lie outside of this range.32 Additional details about the 
interactions that affect spectra are given in Chapter 2.  
 
Hydrogen is present in, and is an important part of the structural chemistry of many 
heterogeneous catalysts. In particular, the hydroxyl groups of aluminosilicates (e.g. 
SiOH and AlOH) are key to the success of these materials as catalysts, providing a 
source of Brønsted acidity on the surface.10 Table 1.2 gives chemical shift ranges for 
the main types of hydroxyl groups that are present in aluminosilicate materials. Many  
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Table 1.2. 1H chemical shift ranges for the main types of hydroxyl groups present in aluminosilicate 




1H δ (ppm) 
Hydroxyl Group 
Abbreviation 
Hydroxyl Group Type 
−0.5-1 MeOH Isolated Metal/cation 
(e.g., Al, Mg) OH groups 
in large cavities or on 
particle surfaces 
1-2.5 SiOH Isolated (non-H bonded) 
silanol groups on particle 
surfaces or at lattice 
defects 
2.5-3.5 Al2OH Isolated (non-H bonded) 
bridging aluminol groups 
on particle surfaces or in 
cavities 
3.5-6.5 H2O Adsorbed H2O on particle 
surfaces 
6.5-12.5 AlOH H-bonded aluminol 
groups on particle 
surfaces 
9.5-16 SiOH H-bonded silanol groups 
on particle surfaces 
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catalysts also readily adsorb molecules onto their surfaces. Examples include pyridine, 
acetone37 and H2O, the last of which adsorbs onto the surface as a result of the 
hygroscopic nature of the material.33 In both cases, such molecules can be useful 
probes of the surface chemistry of catalysts, as has been highlighted both in the 




29Si (spin I = 1/2) is the only NMR-active isotope of the element silicon and has a low 
natural abundance (4.69%) and medium/low γ. Silicon-containing materials are used 
extensively in industrial processes, with some of the most commonly-utilised catalysts 
being derived from zeolites and aluminosilicates.40 As a result, 29Si NMR spectroscopy 
has been widely employed as a characterisation technique in this field, primarily for 
materials in the solid state.41   
 
Figure 1.2. 1H-29Si (9.4 T, 10 kHz MAS and τCP = 1 ms) CP NMR spectrum of powdered 





The standard chemical shift range for 29Si is from 30 to −230 ppm, and for a given Si 
species, this is influenced greatly by its local environment, where the two principal 
factors are coordinating element and coordination number.42 In the first instance, this is 
demonstrated via the 1H-29Si cross polarisation (CP) NMR spectrum of powdered 
octakis(trimethylsiloxy)silsesquioxane (Q8M8) in Figure 1.2, where resonances at 11.5 
and −110 ppm are observed. These correspond to OSi(CH3)3 and SiO4 species, 
respectively.43 The second case, a variation in coordination number, can commonly be 
observed in inorganic materials, such as catalysts, where silicon is bonded to oxygen. 
Typically, the chemical shift of Si sites of this nature varies by approximately 50 ppm 
going from Si(IV) to Si(V) to Si(VI).44 Examples of catalyst materials containing more 
than one Si-O coordination environment have been documented in the literature,28,45,46 
and an example is also shown in Figure 1.3, where the 29Si NMR spectrum of a silicon 
phosphate material reveals the presence of both Si(IV) and Si(VI) species with a 
significant shift difference between them. 
 
Si species in most silicates consist of tetrahedral (Si(IV)) units that are polymerised to 
varying extents. It is common practice to describe these environments using “Q” 
notation, where Q denotes a Si bonded to four O atoms, and a superscript number from  
 
Figure 1.3. 29Si (14.1 T, 18 kHz MAS) NMR spectrum of a silicon phosphate material, accompanied by 




Table 1.3. Examples of the typical 29Si chemical shift variation between silicates and aluminosilicates.47 
 
0 to 4 is then used to indicate how many other Q species are attached to a particular unit. 
For example, in a silicate material, Q4 represents a Si that is bonded via O to four other 
Si species. Each additional Si connection moves the 29Si chemical shift to more negative 
ppm values, with a variation of ~10 ppm occurring for each additional Si-O-Si linkage 
present.44 To describe the Si species in aluminosilicates however, an addition to the 
above notation is required. In this case, the notation takes the form of Qn(mAl), where n 
represents a superscript number in the same manner as above, and m denotes the number, 
from 0 to n, of aluminium units that a particular Si species is bonded to through O. For 
example, Q4(3Al) represents a Si that is bonded via O to three Al species and one 
additional Si(IV) unit. Each additional Al connection moves the 29Si chemical shift to 
higher ppm values, with a variation of ~5 ppm occurring for each additional Si-O-Al 
linkage present.47 Table 1.3 provides a summary of this for the case of Q4(mAl) species. 
However, one factor that must be considered when acquiring 29Si spectra though, is that 
this nucleus usually possesses long T1 relaxation times (sometimes on the order of 
hours).44 This means that extended experimental times are necessary in order to acquire 
high-resolution spectra. Techniques such as paramagnetic doping and 1H-29Si CP (the 





27Al (spin I = 5/2) is a nucleus with 100% natural abundance, medium γ and a moderate 
quadrupole moment. As with silicon, aluminium is ubiquitous in industry and Al-
containing materials are routinely employed as heterogeneous catalysts.40 As 27Al is a 
quadrupolar nucleus, the peak position (of the central transition) is shifted away from
  









Q2 −87 3Al −88 
Q3 −98 2Al −95 
Q4 −109 1Al −100 




the isotropic chemical shift (δiso), typically to more negative ppm values. Fortunately, 
δiso can be experimentally determined, providing that quadrupolar parameters such as CQ 
and ηQ are known.
49 A detailed explanation of these parameters and their use is provided 
in Chapters 2 and 3.  
 
The standard chemical shift range for 27Al is from −30 to 110 ppm and is strongly 
dependent on the coordinating elements and coordination number. In the case of Al-O 
species, 27Al NMR spectroscopy is an excellent probe of coordination number, as there 
are well-defined chemical shift ranges for tetrahedral (Al(IV)), pentahedral (Al(V)) and 
octahedral (Al(VI)) environments. Al(IV) resonances are observed from 80-50 ppm, 
Al(V) resonances from 40-30 ppm and those of Al(VI) from 15 to −10 ppm.44,50 This is 
illustrated in Figure 1.4, where these three types of environment are observed in the 
27Al NMR spectrum of “ultrastable” zeolite Y (designated USY, and produced by 





















Figure 1.4. 27Al (14.1 T, 14 kHz MAS) NMR spectrum of zeolite USY, with resonance assignments for 






17O (spin I = 5/2) is the only NMR-active isotope of the element oxygen. It is a nucleus 
with medium/low γ, a small quadrupole moment and very low natural abundance 
(0.04%). As with 27Al, 17O is a quadrupolar nucleus, and so the peak position of the 
central transition is shifted away from its isotropic chemical shift (δiso) in the same 
manner. Like 27Al, experimental determination of δiso can be undertaken if the 
quadrupolar parameters (CQ and ηQ) are known.
49 The standard chemical shift range for 
17O is from −40 to 1140 ppm, and each type of chemical environment possesses its 
own distinctive subrange.51 This makes 17O NMR spectroscopy an attractive technique 
for the study of materials such as catalysts, where oxygen is an integral component of 
the chemical structure.40,44 The sensitivity of 17O to the local environment is well 
illustrated in Figure 1.5, where 17O spectra of two catalyst materials, TiO2 (anatase)
52 
and MgO53 are shown. The spectra reveal that the resonances for each type of species 
(OTi3 and OMg6, respectively) possess distinctly different δ values. 
 
Given what has been outlined above, it would not be unreasonable to expect 17O NMR 
spectroscopy to be a popular and widely-used technique in materials characterisation. 
However, as has already been mentioned, 17O has a very low natural abundance 
 
Figure 1.5. 17O (14.1 T, 14 kHz MAS) NMR spectra of  17O enriched (a) TiO2 (anatase) and (b) MgO, along 




(0.04%), which makes performing NMR experiments with this nucleus very 
challenging. In order to overcome this hurdle, isotopic enrichment strategies have been 
developed, and these can be divided into two categories. The first involves the 
synthesis of the material to be studied using 17O-enriched reagents, such as H2
17O. This 
is particularly relevant for materials where synthetic routes are well documented and 
can be carried out on a small scale; examples include zeolites,54 minerals55 and metal-
organic frameworks.56 In the second category, 17O enrichment is carried out “post 
synthetically”, with the primary method for achieving this being via gas exchange 
treatment. In brief, this is accomplished by heating the material under vacuum in an 
atmosphere of 17O2 gas for a period of several hours. Isotope exchange then occurs, 
resulting in a material that is 17O enriched. This method has been successfully applied 
to 17O NMR spectroscopic studies of heterogeneous catalysts, both in the literature57,58 
and in Chapter 6 of this work, where it is described in more detail. 
 
1.3 Thesis Overview 
 
This thesis describes the applications of solid-state NMR spectroscopy to the 
characterisation of a variety of industrial catalysts.  
 
Chapter 2 outlines the theoretical background of solid-state NMR spectroscopy and 
the signal enhancement technique known as dynamic nuclear polarisation (DNP).  
 
Chapter 3 describes the solid-state NMR and DNP NMR experimental methods and 
techniques that have been utilised in this thesis.  
 
Chapter 4 describes the solid-state NMR and DNP NMR spectroscopic details for the 
experiments that have been undertaken in this thesis. Information regarding the 
samples that have been studied in this thesis are also provided. Details of 17O 
enrichment procedures are also given.  
 
In Chapter 5, the investigation of alumina-supported cobalt oxide catalysts by solid-
state NMR spectroscopy is detailed. Information regarding the insight that has been 
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gained into the influence of metal oxide loading and crystallite size on the metal-
support interaction in this type of catalyst, via the study of the Co-Al2O3 and Co-
CoAl2O4 systems, is outlined.  
 
Chapter 6 describes efforts to understand the structural nature of the silicated alumina 
type of catalyst. It outlines the insight into the surface chemistry and interatomic 
interactions that has been gained through multinuclear solid-state NMR techniques. 
This includes the application of DNP NMR spectroscopy to the study of model 
catalysts, which has facilitated the acquisition of additional valuable one and two-
dimensional experiments. Efforts to acquire structural information from 17O NMR 
experiments via isotopic enrichment are also detailed. Insight is provided into the 
growth morphology of silica on catalytically-relevant oxide materials, by combining 
information obtained from NMR and X-ray-photoelectron spectroscopies. 
Multinuclear solid-state NMR spectroscopic approaches for elucidating the structure 
of titanium-modified alumina catalysts are also outlined. This includes efforts to 
acquire information about the structural location of Ti species from 17O NMR 
experiments via isotopic enrichment.  
 
In Chapter 7, an overall summary of the conclusions for this work is given. The outlook 
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Chapter 2. Nuclear Magnetic Resonance 
 
“These atomic frequencies in the magnetic field are so characteristic for each element 
and its isotopes that they are more undisturbed and regular than the balance-wheel, 
pendulum and vibrating quartz-crystal in our modern chronometers…”1 
 
In 1952, the Nobel Prize in Physics was jointly awarded to Felix Bloch and Edward 
Purcell for their discovery of nuclear magnetic resonance (NMR).1,2,3 Since that time, 
NMR has revolutionised the fields of natural sciences and medicine, proving itself to 
be an essential part of modern scientific analysis. In this chapter, the essential 
principles of NMR are introduced, along with the rapidly emerging signal- 
enhancement technique known as dynamic nuclear polarisation (DNP). 
 
2.1 NMR Theory 
 
2.1.1 The Vector Model and Zeeman Interaction 
 
The spin angular momentum of atomic nuclei (I), is a quantum mechanical property 
with corresponding spin quantum number, I, which can be zero or any positive integer 
multiple of 1/2. The magnitude of I is given by 
 
The projection of I onto a specific axis, by convention the z-axis, is given by mIħ, 
where mI is the azimuthal quantum number and takes values from +I to –I in integral 
steps, resulting in 2I + 1 degenerate states. Nuclei with non-zero spin (I ≥ 1/2) possess 
a magnetic dipole moment, μ, which is given by 
 μ  =  γI  ,  (2.2) 
where γ is the gyromagnetic ratio of the nucleus. The component of μ along the z-axis, 
μz, is, therefore 
 μz   =   γmIħ  .  (2.3) 
In the presence of an external magnetic field the z-axis is defined as the direction of 
 |I|  =  ħ√I(I+1)  .  (2.1) 
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the magnetic field vector, B0, having magnitude B0. The Zeeman interaction
4,10  is the 
interaction between the nuclear magnetic moment and the external field and the energy 
of this is given by 
 EmI  =  −μzB0  =  −γmIħB0  .  (2.4) 
The selection rule for observable transitions in NMR is ΔmI = ±1, and so these 
transitions are degenerate and occur with energy difference 
 ΔE   =   γħB0  .  (2.5) 
The frequency of such transitions can be defined as 
 ω0  =  2π0  =  ΔE / ħ   =   −γB0  ,  (2.6) 
where this frequency is referred to as the Larmor frequency and has units of rad s
−1 
(ω0) or Hz (v0). On the macroscopic scale at thermal equilibrium, the population of 
these energy levels can be described by the Boltzmann distribution 
 Nupper / Nlower   =   e 
−ΔE / k
B
T  ,  (2.7) 
and thus, from Equation 2.5, for I = 1/2 





T  .  (2.8) 
For 1H in a magnetic field of 14.1 T at 300 K, the population ratio of the upper state to 
the lower state is 1000000 : 1000096 and so the population difference, ΔNeq (Nupper / 
Nlower), results in the bulk magnetisation vector, M0 
 M0   =   1/2 γħΔNeq  .  (2.9) 
The fact that the populations are almost equal (ΔNeq / N ≅ 0, where N is the total 
number of nuclei) means that NMR spectroscopy is an inherently insensitive 
technique, with only one nucleus in 10416 contributing to M0 in this particular 
example. 1H has one of the highest known gyromagnetic ratios and 99.9% natural 
abundance and so receptivity is lower for virtually all other nuclei, often by several 




natural abundance of many other NMR-active nuclei. 
In the laboratory frame, M0 is aligned along the z-axis defined by B0; the presence of 
the magnetic field though results in precession of M0 around the z-axis at the Larmor 
frequency. In NMR spectroscopy an oscillating radiofrequency field, B1 (commonly 
called a pulse), with frequency ωrf (close to ω0) is applied to the sample under analysis. 
B1 can be considered as two counter-rotating magnetic fields having frequencies of 
+ωrf  and −ωrf. Since the mathematics of the precession of M0 in the laboratory frame 
are complex, it is more convenient to consider a set of axes rotating at ωrf  such that 
M0 is aligned along the z-axis, which appears to be stationary with respect to the x- 
and y-axes. The result is that the +ωrf  component of B1 appears to be stationary with 
respect to the rotating frame, while the counter-rotating component rotates at −2ωrf  
and therefore does not interact with M0.  
In the rotating frame B1 is a static field and is normally applied orthogonally to B0. 
The application of a B1 field along the x-axis causes nutation of magnetisation in the 
yz plane, and this continues provided that the B1 field is present, as shown in Figure 
2.1. The extent of nutation can be measured by the flip angle, β, where τP  is the pulse 
duration 
 
Figure 2.1. (a) Application of a 90−x° B1 pulse of sufficient duration results in nutation of M0 in the 
yz plane until it is in the xy plane. (b) Then M0 precesses around B0 at the Larmor frequency with 
nuclei in magnetically different environments having different frequencies. (c) Transverse relaxation 




 β   =   ω1τP  ,  (2.10) 
and, therefore, 
The pulse does not have to be applied along the x-axis, meaning that a phase, ϕ, needs 
to be specified. The phase describes the direction along which the pulse is applied and, 
as a result, B1 pulses are usually described by β notation. Once the pulse has been 
applied, the nuclear magnetic moments precess around the z-axis, now with a 
component in the xy plane. This component can be recorded in the xy plane in the form 
of a free induction decay (FID). Conversion of this time-domain FID to an NMR 
spectrum in the frequency domain is achieved via a Fourier transformation (FT): 
This process is illustrated in Figure 2.2. Quadrature detection8 is usually employed 
during acquisition of the FID and involves the measurement of two distinct 
components to generate a complex signal that distinguishes the sign of the resonance 
offset, Ω, in order to produce an unambiguous frequency-domain spectrum via a FT. 
Two orthogonal detectors are utilised, allowing for the acquisition of two components 
that are 90° out of phase with one another; one component is a cosine and the other is 
a sine function of the offset frequency. These two components are considered to be
  
 
Figure 2.2. Schematic representation of the conversion of time-domain data to frequency-domain 
data, via Fourier transformation. 
 ω1   =   −γB1  .  (2.11) 
 S(ω)  =  ∫ s
∞
−∞




real and imaginary components of a single complex signal.  
In general, the FID contains cosine and sine functions of the offset frequency, Ω, that 
decay at a rate proportional to 1/T2 
 S(ω)   =   [cos  Ωt + i sin Ωt]exp(−t/T2)  .  (2.13) 
Fourier transformation of the FID results in a frequency-domain spectrum that contains 
absorptive (real), A(Δω), and dispersive (imaginary), D(Δω), components 
 S(ω)   =   A(Δω) + iD(Δω) ,  (2.14) 
with    
 A(Δω)   =   1/T2 / (1/T2)
2 + (Δω)2 ,  (2.15) 
where Δω = ω – Ω. Generally, the real part of a frequency-domain spectrum contains 





Figure 2.3. Examples of (a) absorptive (real) and (b) dispersive (imaginary) lineshapes. 
 
 
and     
 D(Δω)   =   (Δω) / (1/T2)
2 + (Δω)2 ,  (2.16) 
22 
 
obtain a pure absorption lineshape. Examples of absorptive and dispersive lineshapes 
are shown in Figure 2.3. 
2.1.2 Density Operator Formalism 
 
Whilst the vector model provides a convenient way of considering simple NMR 
experiments, for more complex ones a more rigorous approach is required. The density 
operator formalism is a useful tool for dealing with complex experiments and higher-
order spin systems.5 In a given sample, there is a set of spin systems which may be 
each represented by a wavefunction Ψ(t), described as a linear combination of 
elements of an orthogonal basis set |i⟩, where ci(t) are time-dependent coefficients 
 
 Ψ(t)   =   ∑i ci(t) |i⟩  .  (2.17) 
The elements, i,j(t), of the corresponding density matrix,  are products of the 
expansion coefficients of the wavefunction  
 i,j(t)   =  ⟨i|(t)|j⟩   =  c i(t)cj(t)* ,  (2.18) 
with the overbar donating an ensemble average and * a complex conjugate. The time 
evolution of the density operator is given by the Liouville-von Neumann equation 
If the Hamiltonian is time independent (or is made to be so), then it can be solved by 
where (0) is the density operator at time zero. This formalism is utilised by simulation 




When considering a collection of non-interacting spin I = 1/2 nuclei, each one can be 
described by a superposition of states, |α⟩ and |β⟩, corresponding to the two Zeeman 
levels. The complex superposition coefficients, cα(t) and cβ(t), describe the 
 d(t) / dt   =   −i[H(t),(t)] .  (2.19) 
 (t)   =   exp(−iHt) (0) exp(iHt) ,  (2.20) 
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contribution to these states and have phases ϕα and ϕβ, respectively, at t = 0. Therefore, 
the wavefunction is 
The corresponding density matrix is  
 









where the diagonal elements, cα
2 and cβ
2, refer to the populations of the |α⟩ and |β⟩ states, 
respectively. The off-diagonal elements are considered to have phase coherence if they 
possess the same relative phases for each spin and therefore have non-zero 
magnetisation. Coherence is generated by individual spins that experience the same 
interaction with the applied rf field.7 
The application of a pulse results in rotation of the axis along which polarisation is 
aligned, so if an operator gains a phase of –pϕ via a z-rotation through angle ϕ, then it 
will have coherence order p. Therefore, changing the coherence order can only be 
accomplished with a pulse. Coherence order p = 0 corresponds either to zero-quantum 
or z-magnetisation (i.e., a population state), p = ±1 to single-quantum and p = > ±1 to 
multiple-quantum (MQ) coherences. The coherence order has to be controlled during 
a pulse sequence and the coherence transfer pathway diagram indicates the desired 
coherence at each point. A coherence transfer pathway always begins at p = 0 and ends 
at p = −1 (i.e., observable magnetisation), if quadrature detection8 is employed. Whilst 
not directly observable, MQ coherences are used in advanced NMR experiments, such 
as those described in Chapter 3. 
2.1.4 Relaxation 
 
Magnetisation in the xy plane is lost rapidly (on the order of 1-1000 ms) by dephasing 
of spin coherence. This occurs due to the fact that each nucleus experiences a slightly 
different magnetic field and so precess at a slightly different rate. Dephasing is also 
known as transverse or spin-spin relaxation4 and is characterised by the exponential 
  
 ⟩  =   cαeiϕα|α⟩ + cβeiϕβ|β⟩ .  (2.21) 
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Figure 2.4. The effect of signal averaging on the 13C MAS NMR spectrum (9.4 T, 14 kHz MAS) of the 
CH3 site (δ = 20.5 ppm) of L-alanine. 
time constant, T2. The overall magnetization returns to thermal equilibrium via 
longitudinal or spin-lattice relaxation. This is characterised by the exponential time 
constant, T1, which can be on the order of a few ms up to several hours depending on 
the sample and nucleus being studied. Generally, for solids, T1 > T2. 
When studying nuclei that have low receptivity, Fourier transformation of a single FID 
can often result in a spectrum with a considerable level of thermal “noise”. It is, 
therefore, common practice to carry out “signal averaging”, where multiple FIDs are 
acquired and summed prior to the Fourier transform. The signal intensity increases 
linearly with the number of combined FIDs, N, and the intensity of the noise increases 
with √N. The signal-to-noise ratio (SNR) is therefore increased by √N for each 
combined FID (or “transient”). An example is given in Figure 2.4. 
To avoid distortion of a spectrum due to incomplete T1  relaxation after the first FID is 
acquired, a “recycle interval” is required to ensure that thermal equilibrium is reached 
before the next transient is obtained. This delay must be at least 5 × T1 of the slowest 
relaxing component of the spectrum, in order to obtain the full signal after the second 
excitation. Even for samples with very short T1 values, the recycle interval must be 
longer than a minimum value in order to avoid damaging the probe. 
2.2 Interactions in NMR 
2.2.1 The Chemical Shielding Interaction 
In any given material, electrons can be found around a nucleus, generating a magnetic 




magnetic field at the nucleus 
 B   =   B0 − Bʹ = B0 (1 – σ)  ,  (2.23) 
where σ is the field-independent shielding constant. Therefore, 
 vobs   =   – γB0 (1 – σ) / 2π  .  (2.24) 
Although σ is always positive for isolated atoms, it can be either positive or negative 
for a molecule, due to the presence of regions of magnetic shielding and deshielding 
caused by currents arising from delocalised electrons. Obtaining an absolute σ value 
experimentally is difficult and so the chemical shift, δ, is normally determined relative 
to a standard reference frequency. The magnitude of Bʹ is very small compared to B0  
so δ is usually given in ppm 
 δ   =   106 (v − vref) / vref   ≈  10
6 (σref – σ)  ,  (2.25) 
where  vref  is the reference frequency for the particular nucleus under study, and is 
determined using either a primary (δ = 0) or secondary (δ relative to primary) reference 
material. As δ is related to v − vref  it has the opposite sign to σ and so is a deshielding 
parameter; increased δ means a more deshielded nucleus (higher resonance 
frequency).9 
For a non-spherically symmetric electron distribution (i.e., as is found in most 
systems), the shielding is described by a tensor, σ, and as such, a set of axes can be 
defined in such a way that the shielding tensor is diagonalised within this frame 
 




)  , 
 (2.26) 
where this is known as the principal axis system (PAS), and σ11, σ22 and σ33 are the 
principal components of the tensor. σ11 corresponds to the direction of least shielding, 
with the highest frequency, while σ33 corresponds to the direction of highest shielding, 
with the lowest frequency. The corresponding principal values of the chemical shift 
tensor are δ11, δ22 and δ33. According to the Haeberlen convention,
10 the chemical shift 




 δiso   =   1/3 (δ11 + δ22 + δ33)  ,  (2.27) 
 




Figure 2.5. Simulated powder pattern lineshapes (9.4 T, static) for a spin I = 1/2 nucleus with Δδcs = 




 ηcs  =  (δ22 – δ11) / Δδcs  .  (2.29) 
Alternatively, in the Herzfeld-Berger convention,11 the chemical shift tensor can be 
described in terms of its span and skew 
 Ω  =  δ11 – δ33  ,  (2.30) 
and 
 κ  =  3(δ22  – δiso) / Ω  ,  (2.31) 
respectively. 
To convert from the PAS to the laboratory frame, rotation around the polar angles, θ 
and ϕ (or Euler angles α, β and γ) is required, which leads to δ being orientation 
dependent in this frame. It has an isotropic (δiso) and an orientation-dependent 
anisotropic component 
 δ   =   δiso + (Δ δcs / 2) [(3cos
2 θ – 1) + ηcs (sin
2 θ cos2ϕ)]  . (2.32) 
In liquid samples the orientation of the molecules changes rapidly, such that the 
anisotropic component is averaged to zero and only the isotropic shift is observed. In 
solid samples though, there are no such effects. For a single crystal, the spectrum will 
contain a peak shifted from its isotropic position but, for a powdered sample containing 
crystallites with a variety of random orientations, a range of shifts leads to a powder-
pattern lineshape, illustrated in Figure 2.5. 
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2.2.2 Dipolar Coupling 
As nuclei possess magnetic dipoles, a nuclear spin generates a magnetic field that 
interacts with any other nuclei that are close in space. In the case of a simple two-spin 
system, the first nucleus, I, is separated from the second, S, by a distance, rIS. The 
internuclear vector, rIS, is oriented at an angle θIS  to B0. The magnitude of the dipolar 
coupling is  
 ωD   =   ωDPAS 1/2 (3cos
2 θIS – 1)  ,  (2.33) 
with 
 ωDPAS   =   −(μ0 / 4π) γI γS ħ / r
3
IS  ,  (2.34) 
where γI and γs are the gyromagnetic ratios of I and S, respectively.
4 The dipolar 
interaction tensor is, by definition, axially symmetric with ηD  = 0. In static powder 
samples dipolar coupling between an isolated spin pair leads to the formation of a 
powder pattern lineshape known as a Pake doublet, as shown in Figure 2.6(a). This is 
2ωDPAS wide for heteronuclear dipolar coupling (I ≠ S) and 3ωDPAS for homonuclear (I = 
S) dipolar coupling. In practice however, dipolar coupling occurs simultaneously 
between many nuclei rather than isolated spin pairs, which results in a Gaussian-type 
lineshape, as shown in Figure 2.6(b). 
 
 
Figure 2.6. (a) A simulated Pake doublet for an isolated heteronuclear pair of spin I = 1/2 nuclei 
with ωDPAS = 3 kHz. (b) A simulated Gaussian-type lineshape for a spin I = 1/2 nucleus, resulting 
from dipolar coupling between many nuclei. 
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2.2.3 Scalar Coupling 
The scalar, or J coupling,4 arises from magnetic interaction between nuclei, mediated 
by the electrons that are involved in chemical bonding. The J coupling Hamiltonian is 
 
HJ  =  2π∙I∙J∙S , 
 (2.35) 
where J is an anisotropic tensor describing the interaction. When the z-axis is defined 
as the direction of B0, the J coupling Hamiltonian becomes 
 
HJ  =  2πJIzSz , 
 (2.36) 
where J is the isotropic J coupling, which is equal to the average of the diagonal 
elements of the J coupling tensor. The magnitude of the isotropic J coupling between 
two spins, I and S, is given by the scalar coupling constant, JIS. In solid-state NMR, 
the magnitude of scalar coupling is usually small in comparison to the other 
interactions, and so it is not usually resolved. It can, however, be utilised in certain 
“through-bond” correlation experiments, examples of which are detailed in Chapter 3. 
The experimental determination of J couplings in the solid-state has become a topic of 
interest recently.12,13 
2.2.4 The Quadrupolar Interaction 
 
Nuclei with I > ½, while also being affected by the dipolar and shielding interactions, 
have a non-spherical charge distribution that results in a nuclear quadrupole moment, 
Q, that interacts with the electric field gradient (EFG) generated at the nucleus.9 The 
EFG can be described by the tensor, V, which is diagonalised in the PAS as  
 




)  , 
 (2.37) 
where |Vzz| ≥ |Vyy| ≥ |Vxx|, and the cross-section of the tensor that is perpendicular to 
Vzz can be described by the asymmetry parameter, ηQ, where 
 ηQ  =  (Vxx − Vyy) / Vzz  .  (2.38) 
30 
 
The asymmetry parameter is normalised by Vzz  such that 0 ≤ ηQ  ≤ 1; a value of 0 
indicates axial symmetry around the z-axis, whereas a value of 1 indicates axial 
symmetry around the x-axis. The quadrupolar coupling constant, CQ, is given in units 
of Hz and is dependent on the nuclear quadrupole moment and the magnitude of V, 
Vzz 
 CQ  =  eQVzz / h  .  (2.39) 
CQ and ηQ  can be combined to give the quadrupolar product as follows 
 PQ  =  CQ (1 + ηQ
2
 / 3)
1/2  .  (2.40) 
The quadrupolar interaction results in a perturbation of the Zeeman energy levels, and 
the magnitude of this depends on the quadrupolar splitting parameter, ωQ, which is 
usually quoted in units of rad s−1 
 ωQ  =  (ωQ
PAS / 2) (3cos2 θ – 1 + sin2 θ cos2ϕ)  ,  (2.41) 
 ωQ
PAS   =  3πCQ / 2I (2I – 1)  ,  (2.42) 
where θ and ϕ define the orientation of the PAS relative to the laboratory frame. 
Observable single-quantum (SQ) transitions have first- (E(1)|mI⟩) and second-order 
(E(2)|mI⟩) quadrupolar contributions to the energy levels, given by  








|−mI⟩  ,  (2.43) 
For simple axial symmetry, that is, ηQ = 0, first- and second-order quadrupolar 





|−mI⟩   =  (ωQ
PAS)2 / ω0 [A0(I,mI) + A
2(I,m
I
) d20,0 (θ) + A4(I,mI) 
d40,0 (θ)]  , 
 (2.45) 
 E(1)|mI⟩ − E
(1)
|−mI⟩  =  ± (2mI  – 1) ωQ





Figure 2.7. (a) Schematic energy level diagram for a nucleus with spin I = 3/2. (b) Simulated static 
quadrupolar lineshape for a spin I = 3/2 nucleus in an axially-symmetric environment and affected 
by only the first-order quadrupolar interaction. (c) A (×16) expansion of (b), revealing the broad 
satellite-transition (ST) lineshape. (d) The central transition (CT) of a spin I = 3/2 nucleus in an 
axially-symmetric environment and experiencing second-order quadrupolar broadening. Simulation 







) and A4 (I,m
I
) are spin- and transition-dependent coefficients 
for the isotropic chemical shift, second-rank anisotropic broadening and fourth-rank 
anisotropic broadening, respectively. Values for these coefficients are given in 
Appendix C. The terms d20,0(θ) and d
4
0,0(θ) are Wigner reduced rotation matrix 
elements and are given by 
 d20,0 (θ)  =  1/2 (3cos
2 θ − 1)  (2.46) 
and 
 d40,0 (θ)  =  1/8 (35cos
4 θ − 30cos2 θ + 3) .  (2.47) 
For nuclei with half-integer spin quantum number, the first-order perturbation only 
affects the satellite transitions; when Q or Vzz is larger, a second-order perturbation 
must be considered, and this affects all transitions.9 This is illustrated in Figure 2.7. 
Nuclei with integer spin quantum number have no central transition, meaning that all 
single-quantum transitions are affected by the first-order perturbation. For a single 
crystallite a doublet with peak spacing of 2ωQ  is observed, giving rise to a Pake doublet 
in a powdered sample. The +I ↔︎ −I transitions however remain unaffected by the 
first-order interaction.9 
2.2.5 Paramagnetic Interactions 
Electrons, having spin S = 1/2, are able to interact with atomic nuclei. Where the 
electrons are paired, as in the case of diamagnetic solids, only the indirect effects of 
electron-nuclear interactions are observed. In paramagnetic materials, however, 
unpaired electrons are present and interact with the parent nucleus, bonded nuclei 
nearby and other non-bonded nuclei within a radius of ~100 Å. The γ of an electron is 
~660 times higher than that of 1H, and so the magnitude of the interaction between a 
nucleus and an unpaired electron is usually very large. This interaction has four main 
contributions: a through-space (dipolar) interaction causing an isotropic shift and 
anisotropic broadening of the NMR lineshape; a through-bond orbital polarisation 
resulting in an additional isotropic shift; a bulk susceptibility leading to further 
anisotropic broadening; and relaxation enhancement that leads to very fast T1 and T2 
relaxation in many cases. The isotropic and anisotropic shift contributions are referred 
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to as the paramagnetic shift and paramagnetic shift anisotropy (PSA), respectively.14 
Commonly, T1 and T2 relaxation time constants for electrons are significantly faster 
than their nuclear counterparts, and so on the NMR timescale, the nuclear magnetic 




 =  
μB




where B is the Bohr magneton, kB is the Boltzmann constant and g is the electron g 
tensor. The interaction Hamiltonian is 
 




The dipolar interaction tensor, DeN, has components 
 Dij  =  
1
r3
(δij  −  3eiej)  , 
 (2.50) 
where the electron and the nucleus are separated by distance, r, ij is the Kronecker 
delta function (δij = 1 if i = j and 0 if i ≠ j) and ei and ej (i, j = x, y or z) indicate the x, 
y and z components of the vector between the electron and the nucleus. When g is 
isotropic, μ̅
e
will be aligned with B0 and g∙g∙DeN will be traceless and axially 
symmetric. The nucleus experiences a thermally-averaged electron spin, and so this 
interaction will result in a powder-pattern lineshape rather than a Pake doublet. 
Generally, though, g is not isotropic and g∙g∙DeN is not traceless, resulting in a dipolar-
induced isotropic shift referred to as the pseudocontact shift, in addition to anisotropic 
broadening.14 
 
In addition to interacting with the nucleus, the unpaired electron spin density can 
induce spin polarisation of the nuclear orbitals. This is referred to as the Fermi contact 
or hyperfine interaction, and has the Hamiltonian 









I∙S δ(r) ,  (2.51) 
where γe and γN are the gyromagnetic ratios of the electron and nucleus, respectively, 
I and S are their respective spins, and (r) is the Dirac delta function ((r) = 1 if r = 0 
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and 0 elsewhere). The wavefunctions of the s orbitals of the nucleus have finite value 
at r = 0, and so polarisation of these orbitals induces a contact shift of frequency  







where A/ħ is the hyperfine coupling constant in Hz and 〈Sz〉 is the expectation value 
of the z component of the electronic magnetic moment. This is thermally averaged by 
the fast electronic relaxation and has a value of  
 
 〈Sz〉  =  
μBJ(J + 1)gJ(gJ  − 1)B0
3kBT
 ,  (2.53) 
where the Landé g factor, gJ is 
  g
J
  =  
3J(J + 1) − L(L + 1) + S(S + 1)
2J(J + 1)
  .  (2.54) 
J is the total angular momentum quantum number for the electron state, L is the orbital 
angular momentum and S is the spin angular momentum. The contact shift is usually 
very large (thousands of ppm) for the nucleus of the directly affected atom, and smaller 
contact shifts (tens to thousands of ppm) may be observed for the nuclei of nearby 
atoms that are bonded to the directly affected atom. The transfer of spin polarisation 
between atoms is similar mechanistically to the scalar coupling, and the magnitude of 
νc decreases rapidly as the number of bonds between the nucleus and the unpaired 
electron increases. In addition to the shifts and anisotropic broadening arising from the 
contact and pseudocontact interactions, both of these interactions can contribute to 
transverse and longitudinal relaxation, leading to values on the order of a few ms for 
T1 and on the μs - ms timescale for T2.
14 
 
In addition to the interactions described above, the bulk magnetic susceptibility (BMS) 
may also be relevant.15 However, predicting the effects of the BMS on an experimental 
spectrum is highly complex and so this term is usually not considered when analyzing 
NMR spectra of paramagnetic materials. 
 
The presence of paramagnetic species within a sample can result in large isotropic 
shifts, anisotropic broadening and very rapid relaxation, making NMR studies of 
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paramagnetic materials challenging. However, as outlined in Chapter 5, significant 
insight into these type of materials can still be obtained via solid-state NMR. 
 
2.3 Dynamic Nuclear Polarisation 
 
NMR spectroscopy, whilst extremely valuable, is also an inherently insensitive 
technique. As a result, in recent years there has been a drive towards the development 
of sensitivity enhancement methods in order to counteract this limitation.16-18  Principal 
amongst these is the rapidly emerging method referred to as dynamic nuclear 
polarisation (DNP). DNP enhances the NMR signal by the transfer of polarisation from 
electrons (as mentioned above, γ for an electron is ~660 times higher than that of 1H) 
to nearby nuclei via microwave (mw) irradiation of electronic-nuclear transitions.19 It 
has found extensive applicability in the fields of biological20 and materials NMR 
spectroscopy,18 including in Chapter 6 of this work. What follows is a brief overview 
of the theory of DNP. Information on the practical aspects of DNP NMR experiments 
is outlined in Chapter 3. 
 
2.3.1 DNP Theory 
 
DNP was first proposed theoretically by Overhauser21 in 1953, and this was swiftly 
followed that same year by experimental observation of the effect by Carver and 
Slichter.22 This first example involved the enhancement of the 7Li signal from 
powdered lithium and Overhauser DNP, as it became known, was subsequently 
applied to experiments involving metals such as Rb and Na.23 Solomon and 
Bloembergen24 went on to demonstrate that the effect was also observable between 
nuclear spins and this Nuclear Overhauser Effect (NOE) continues to be used for 
distance measurements in solution-state NMR.7  Whilst Overhauser DNP continues to 
be developed in the present day,25 the two primary mechanisms that are utilised in 






2.3.2 The Solid Effect 
 
The SE was first documented in 195827,28 and is the dominant mechanism for radicals 
where the electronic anisotropy is smaller than the nuclear Larmor frequency. 
Polarising agents employed are usually radicals with high molecular symmetry such 
as 1,3-bisdiphenylene-2-phenylallyl (BDPA) or derivatives of trityl. The SE can be 
described using a two-spin system featuring one electron and one nucleus.19,26 Here, 
electronic-nuclear dipolar coupling can be considered as a perturbation of the Zeeman 
Hamiltonian, which leads to mixing of the Zeeman states. This allows normally 
forbidden “flip-flop” transitions to occur, generating enhanced 1H polarisation. This 
two-spin system has the approximate Hamiltonian 
 
H  =   ω0eSz −  ω0nIz + DSzI++ D
*SzI− , 
 (2.55) 
where I and S are the nuclear and electronic spin operators, respectively, ω0n is the 
Nuclear Larmor frequency, ω0e is the electronic Larmor frequency, and D is the 
electronic-nuclear dipolar term  
  D   =   
−3γSγI
4rIS
3 sin θ cos θ e
−iϕ  ,  (2.56) 
where rIS, θ and ϕ are the polar coordinates of the electronic-nuclear vector. The mixing 
of eigenstates means that microwave irradiation can facilitate double- and zero-
quantum transitions, with intensity proportional to 
 q2  =   |
D
2ω0n
|2  .  (2.57) 
The zero-quantum transition will generate a negative enhancement, whereas the 
double-quantum transition will give a positive one. Signal enhancement is usually 
denoted by ε and is usually given as an integer number, e.g., “ε 1H = 70”.18 The mixing 
coefficient is proportional to B0
−2, meaning that ε scales in the same way. Therefore, 
the SE becomes less efficient as the B0 field strength increases. For this reason, SE 
radicals are most commonly used for dissolution DNP. An overview of this technique 





2.3.3 The Cross Effect 
 
In contrast to the SE, the CE involves allowed transitions (i.e., 2S + 1I) where the 
electronic anisotropy is on the order of, or larger than, the nuclear Larmor 
frequency.19,26 It can be described by a three-spin system featuring two electrons and 
one nucleus, which has the Hamiltonian 
 




HZ   =   ω0e1S1z −  ω0e2S2z −  ω0nIz  , 
 (2.59) 
 HE-N    =    (A1S1z + A2S2z)Iz + (B1S1z + B2S2z)Ix  ,  (2.60) 
and 
where the first term describes the electronic dipolar coupling, d, and the second term 
the exchange coupling, J.30 If |ω0e1−ω0e2| = ω0n, known as the matching condition, then 
the central energy levels will be degenerate and electronic-nuclear polarisation transfer 
can be achieved by saturating one of the electronic transitions. Nitroxide radicals such 
as TEMPO31,32 and biradicals such as TOTAPOL33 and TEKPol34 are efficient CE 
polarising agents. The anisotropy scales inversely with respect to B0, and ε is therefore 
proportional to B0
−1. The CE is the dominant mechanism for polarisation transfer at 
higher field (B0 = 9.4 T and higher) solid-state DNP NMR. The practicalities 
associated with preparing for, and performing, these types of experiments, are outlined 
in Chapter 3. 
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Chapter 3. Experimental Methods 
 
In this chapter, the techniques and experiments used in NMR spectroscopy for the 
study of solid samples are outlined. Additionally, information on the practical 
considerations for performing solid-state DNP NMR experiments is also provided. 
 
3.1 Essential Methods 
 
3.1.1 Magic Angle Spinning 
 
In the solution state, rapid molecular motion results in the complete averaging of 
anisotropic interactions to their isotropic value, resulting in sharp NMR spectral 
resonances.1 In solid samples however, where motion does not exist on this timescale, 
the static NMR spectrum contains a broad lineshape that often conceals important 
chemical information.2 To overcome this problem, Andrew et al.3 and Lowe4 
independently developed a technique now referred to as magic angle spinning (MAS), 
where macroscopic rotation of a solid can be used to mimic the molecular “tumbling” 
that occurs in liquids. To perform MAS, the sample under study is packed into a rotor 
that is sealed with a cap with lid bearing “fins”, allowing it to be rotated by a flow of 
“drive” gas, around an axis at an angle of 54.736° relative to B0. The spinning speed 
that can be achieved is limited by the speed of sound in the rotation medium, mass of 
the rotor and mass of the sample. The original sample spinner developed by Andrew 
et al. was limited to speeds of several hundred Hz, whereas contemporary studies have 
described the use of spinning speeds of up to 110 kHz,5 using commercially available 
hardware. 
 
MAS is effective because many of the interactions that affect spectral resolution have 
a similar orientation dependence. The magnitudes of the CSA and dipolar coupling are 
both proportional to 3cos2θ−1. Therefore, if the sample is rotated around an axis 
inclined at an angle θR relative to B0, then θ, the angle describing the orientation of the 
spin interaction tensor, will vary with time as rotation occurs. If θR is set to be 54.736° 




Figure 3.1. (a) Schematic representation of the experimental setup for MAS. (b) Photograph of a 7 mm 
rotor used for spinning solid samples at a maximum MAS rate of 7 kHz. (c) 13C (9.4 T) NMR spectrum 
of a static sample of 1[13C]-glycine. (d) 13C (9.4 T, 10 kHz MAS) NMR spectrum of 1[13C]-glycine. * 
denotes a spinning sideband. 
 
If the MAS rate, νR, is sufficiently rapid, the anisotropic interactions are averaged to 
zero and only the isotropic terms remain.6 A schematic representation of MAS is 
shown in Figure 3.1(a), along with a photograph of a rotor used for sample spinning 
in Figure 3.1(b). Table 3.1 lists the maximum sample volumes and MAS rates that are 
possible for different rotor sizes. If the MAS rate is insufficient (i.e. in comparison to 
the magnitude of the interaction that is to be averaged), then spinning sidebands will 
be present in the NMR spectrum. These are additional resonances that are separated 
by multiples of the spinning frequency from the isotropic resonance. This is shown in 
Figure 3.1(c) and (d), where the resolution of the 13C NMR spectrum of 1[13C]-glycine 





Table 3.1. The maximum sample volumes and MAS rates, ν
R
, that are possible for different rotor sizes 
(measured by outer diameter). 
 
Outer Diameter / mm 
Approximate Sample 
Volume / μl 
Maximum νR / kHz 
7 300-500 7 
4 50-90 14 
3.2 20-40 24 
2.5 14 35 
1.9 10 42 
1.3 1.5 67 
1 0.8 80 
0.75 0.4 110 
 
average the anisotropic interactions, as evidenced by the presence of spinning 
sidebands. In the case of a resonance broadened principally by CSA, at slow MAS 
rates the sideband manifold resembles the powder pattern lineshape observed for a 
static solid. By increasing the spinning speed, the isotropic resonance becomes more 
readily identifiable. This is illustrated in Figure 3.2, where the 119Sn NMR spectrum 
of SnO2 is shown under both static and variable MAS conditions. So far, the effect of 
MAS on NMR spectra of spin I = 1/2 nuclei has been considered, but the technique 
can also be used when performing experiments with quadrupolar nuclei. However, in 
some cases, MAS is only able to partially average the quadrupolar interaction. As 
outlined in Chapter 2, when CQ is large, the CT is affected by a second-order 
quadrupolar interaction, which cannot be averaged by MAS alone. Under MAS, the 
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Figure 3.2. 119Sn (9.4 T) NMR spectra of SnO2 acquired at several different MAS rates. The isotropic 
resonance is broadened by the CSA interaction. δiso = −604 ppm, Ω = 126 ppm and κ = 1 (δ11 = δ22 = 






Figure 3.3. Simulated quadrupolar lineshapes for the CT of a spin I = 3/2 nucleus under (a) static and 






d20,0 (θd)  =  1/2 (3cos
2 θd − 1)  (3.2) 
and   
d40,0 (θd)  =  1/8 (35cos
4 θd − 30cos
2 θd + 3)  





), A2 (I, m
I
) and A4 (I, m
I
) are spin- and transition-dependent coefficients for 
the isotropic chemical shift, second-rank anisotropic broadening and fourth-rank 
anisotropic broadening, respectively. Values for these coefficients are given in 






0,0(θR) are Wigner reduced 
rotation matrix elements.7 Under MAS, the angle, θR = 54.736°, as the orientation 
dependence of d20,0(θ) is the same as that for the CSA and the dipolar coupling, the 
second-rank anisotropic quadrupolar broadening is averaged to zero. The fourth-rank 
anisotropic broadening, however, is only equal to zero at values of θR = 30.56 or 70.12° 
meaning that it cannot be removed by MAS.6 This is demonstrated in Figure 3.3, which 
shows simulated CT static and MAS spectra for a spin I = 3/2 nucleus. For I = 3/2, 
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0 (3/2, 1/2) = −2/5, A2 (3/2, 1/2) = –8/7 and A4 (3/2, 1/2) = 54/35. When θR = 
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0,0 (54.736)]  .  (3.5) 
Although anisotropic broadening is still present under MAS, CT lineshapes can still 
yield useful information about the system under study.6 Additionally, there are 
techniques that can be employed to remove the fourth-rank anisotropic broadening. 
Examples of such methods will be outlined later in this chapter. 
 
3.1.2 Direct Polarisation  
 
The most straightforward NMR experiments involve directly acquiring the FID of the 
chosen nucleus. These are known as direct polarisation (DP) or direct excitation 
experiments.6 The simplest of these is the single pulse experiment, which involves the 
application of a radiofrequency pulse (with flip angle β = 90°) to generate maximum 
polarisation in the transverse plane (as explained in Chapter 2) and subsequent 
acquisition of the FID. Before signal collection begins, there is a short waiting time, 
τD, known as the “dead time” or “pre-acquisition delay”. Its purpose is to ensure that 
the detected signal does not contain any remnants of the pulse itself (known as 
“ringing”), that can cause distortion of the final NMR spectrum.8 However, it may be 
the case that the effects of ringing cannot be completely supressed, or that important 
data points are lost from the FID during τD. In such situations the spin echo experiment 
can be employed.9 Here, a 90°x pulse is applied as before, but then after a short delay, 
τ, a 180°x pulse is then used. This second pulse inverts the magnetisation around the x 
axis and is followed by a second τ period. The result is that M0 becomes aligned again 
along the y axis. By utilising this approach, spectral distortions and loss of information 
can be avoided.8 Pulse sequences for the single pulse and spin echo experiments are 






Figure 3.4. Pulse sequences for the (a) single pulse and (b) spin echo NMR experiments. The dead time, 
τ
D is highlighted in blue. The interpulse delay, τ, is also shown in (b). 
 
3.1.3 Cross Polarisation 
 
Another type of experiment that is extensively utilised in solid-state NMR 
spectroscopy is cross polarisation (CP). This phenomenon was first observed in 1962 
by Hartmann and Hahn10 and was subsequently applied to the study of solid samples 
by Pines et al. ten years later.11 In the CP experiment, controlled reintroduction of the 
heteronuclear dipolar interaction (defined in Chapter 2) enables magnetisation transfer 
from a nucleus, I (for example, 1H or 19F), to a second nucleus, S, typically of low 
natural abundance (such as 13C or 29Si). For CP to be effective, the Hartman-Hahn 
match condition10 must be met 
 
 −γIB1I  =  −γSB1S  .  (3.6) 
When MAS is used it causes the dipolar interaction to become time dependent and so, 
in a rotating sample, the revised Hartman-Hahn match condition becomes relevant12,13 
 
 −γIB1I  =  −γSB1S  ± nνR  ,  (3.7) 
where n is an integer number, typically 1 or 2. S nuclei with slow longitudinal 
relaxation require long recycle intervals between each transient, resulting in long 
experimental times. Through CP they can receive magnetisation from an I nucleus 
with faster relaxation. This means that the appropriate recycle interval depends on the 
I nucleus, resulting in faster spectral acquisition. Combined with the transfer of 
magnetisation, this can result in a signal enhancement when compared to direct 







Figure 3.5. (a) 13C (9.4 T, 14 kHz MAS) DP (blue) and CP (red, τCP = 0.5 ms) MAS NMR spectra of the 
C=O resonance of glycine (structure also shown). (b) Schematic depicting the pulse sequence for the 
CP experiment. 
 
Here, 13C DP and CP MAS NMR spectra of the C=O resonance of glycine are 
compared. It can be seen that the application of CP results in increased sensitivity 
when compared with the equivalent DP spectrum (signal averaging was carried out for 
16 transients in both experiments). The theoretical maximum gain in signal intensity 
over that of a DP experiment is given by 
 MS
CP /  MS
DP  =   γI / γS 1/1 + ε ,  (3.8) 
where 
 ε  = S(S + 1)NS / I(I + 1)NI ,  (3.9) 
where NS and NI are the number of S and I spins present, respectively. In the case 
where ε ≪ 1 and I = S = 1/2, Equation 3.8 can be approximated as 
 
 MS
CP /  MS
DP  =   γI / γS (1 – NS / NI) .  (3.10) 
For a typical 1H-13C system, NS / NI ≈ 150 and γI / γS ≈ 4. This results in a theoretical 
maximum signal enhancement of a factor of four. In the spectra in Figure 3.5(a), CP 
has resulted in signal enhancement by a factor of 3.3. 
Dipolar interactions occur through space and so the duration of the CP pulses, known 
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as the contact time, τCP, can be varied in order to allow for magnetisation transfer to 
nuclei that are more distant in space, thus providing information on the spatial 
proximity of I and S nuclei.6 The pulse sequence for the CP experiment is shown in 
Figure 3.5(b). It begins with a 90° pulse on the I nucleus. The resulting magnetisation 
is then transferred during the contact time to the S nucleus. During this time, low-
power pulses are applied to both spins to “lock” them along the axis in the rotating 
frame (preventing them from dephasing) whilst magnetisation transfer occurs. A 
“ramped” pulse is often applied to one set of spins to satisfy the match condition for 
more crystallites throughout the spin-locking period (spin I in Figure 3.5(b)).6 
Additionally, heteronuclear decoupling is applied during the acquisition period to 
improve spectral resolution.14 Decoupling is discussed in more detail in the next 
subsection. 
So far, CP has been outlined for the case of two spin I (and S) = 1/2 nuclei. However, 
it is possible to perform the experiment with I = 1/2 and S = >1/2 (quadrupolar) nuclei. 
Where magnetisation transfer occurs between I = 1/2 and the CT of a quadrupolar 
nucleus, S, the Hartmann-Hahn match condition has to be modified in order to take 
into account the effective gyromagnetic ratio15 
 ω
1I
  =  (S + 1/2)ω
1S  
,  (3.11) 
where ω
1I
 = −γIB1I and ω1S = −γSB1S. Additionally, under MAS, the efficiency of the 
spin lock of the S magnetisation is dependent on the magnitude of the adiabaticity 
parameter15,16 





R .  (3.12) 
If α≪1 (the “sudden” limit), the signal amplitude (often following a small initial drop 
in intensity), remains unchanged by MAS as a function of spin lock duration. For the 
case where α ≫ 1 (the “adiabatic” limit), a time dependence is introduced in the spin 















Figure 3.6. 17O (14.1 T, 14 kHz MAS) (a) DP and (b) CP (from 1H, τCP = 0.4 ms) NMR spectra of 17O-
enriched γ-Al2O3. * denotes a spinning sideband. 
spin lock duration, and with maximum signal obtained when τ = nτR.
16 In both of these 
conditions, the spin lock behaviour of the S magnetisation is generally favourable 
enough to facilitate spectral acquisition using the CP experiment. The intermediate 
case, α ≈ 1, results in rapid loss of spin lock efficiency and, as such, is usually 
unfavourable for successful spectral acquisition.16 Owing to these factors, CP between 
spin I = 1/2 and quadrupolar nuclei is generally not effective as a signal enhancement 
technique.17 However, it has found application as a tool for “spectral editing”. In 1988, 
Walter et al.18 were amongst the first to successfully utilise CP for this purpose. By 
means of a 1H-17O CP experiment, they were able to demonstrate that the surface 
oxygen sites in a variety of 17O-enriched inorganic solids (including amorphous SiO2 
and Mg(OH)2) could be selectively observed. In a later study from the same research 
group,19 the 1H-17O CP experiment was applied to the investigation of 17O-enriched 
aluminium oxides and hydroxides, where it was found that CP was particularly 




Figure 3.7. 13C (9.4 T, 10 kHz MAS) DP NMR spectra of 1[13C]-glycine (a) without 1H decoupling and 
(b) with 1H TPPM decoupling. Expansions of the isotropic resonances are also shown inset. * denotes 
a spinning sideband. 
efficacy of this approach by comparing the 17O DP and 1H-17O CP NMR spectra of 
17O-enriched γ-Al2O3. It can be seen that the CP NMR spectrum contains only one 
resonance, corresponding to surface oxygen species. By contrast, resonances for both 
surface and bulk environments are seen in the conventional NMR spectrum. In 1989, 
Morris and Ellis20 showed that 1H-27Al CP experiments could be utilised to probe the 
structures of α- and γ-Al2O3. They demonstrated that CP could reveal Al(IV) and 
Al(VI) Brønsted acid sites that were close to the surface of the oxides. CP-based 
experiments involving quadrupolar nuclei have been extensively used to investigate 
the surface chemistry of a variety of functional materials.21-24 Furthermore, as 
discussed later in this chapter, CP is an integral part of DNP NMR spectroscopy, a 
valuable surface-selective technique. 
3.1.4 Decoupling 
3.1.4.1 Heteronuclear Decoupling 
As previously discussed, heteronuclear dipolar couplings between nuclei can exert a 
broadening effect on solid-state NMR spectral lineshapes. In order to remove these 
and to improve spectral resolution, decoupling can be employed.25 The first decoupling 
method to be developed was the continuous wave (CW) approach. This is the simplest 
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of the decoupling schemes in use and involves applying an rf pulse to spin I throughout 
the acquisition period (of spin S) of the pulse sequence.25 By continuously irradiating 
the spins in this way, the heteronuclear dipolar coupling is averaged to zero. The cw 
approach suffers from sensitivity loss over a wide frequency range, as its efficiency is 
highly dependent on offset,26 and so several other sequences have been introduced to 
provide improved performance. Some of the most commonly used in solid-state NMR 
spectroscopy are TPPM (two pulse phase modulation)27 and SPINAL (small phase 
incremental alternation)28 sequences. They employ a number of repeating pulses in 
combination with a phase cycle in order to compensate for resonance offsets and pulse 
inefficiencies. For example, the TPPM involves a train of pulses with flip angle β = 
~170°, with the phase alternating between ϕ and –ϕ,  applied to S spins. The difference 
between  ϕ and –ϕ  is usually small, and is indicated by the notation TPPM-ϕ, in the 
name of the decoupling scheme (e.g., TPPM-15).27 Many additional schemes have 
been developed to yield further improvements in this area, some examples of which 
include XiX (X-inverse-X),29 PISSARRO (phase-inverted supercycled sequence for 
attenuation of rotary resonance)30 and eDROOPY (experimental decoupling is robust 
for offset or power inhomogeneity).31 The resolution improvement that is provided by 
heteronuclear decoupling is well illustrated in Figure 3.7. Here, the application of 1H 
decoupling via the TPPM scheme results in a noticeable decrease in the linewidth of 
the C=O resonance, from ~320 Hz to ~50 Hz, in the 13C MAS NMR spectrum of 
1[13C]-glycine. Decoupling of quadrupolar nuclei can also be carried out. In this case, 
it is advisable to employ low power CW decoupling to avoid recoupling the dipolar 
interaction.32 
3.1.4.2 Homonuclear Decoupling 
Homonuclear decoupling is an important technique in solid-state NMR spectroscopy. 
This is because, in powdered solids, strongly dipolar-coupled 1H spins typically give 
rise to broad, featureless spectra. Therefore, dipolar decoupling is required in order to 
obtain high-resolution 1H NMR spectra.6 In solids, magic angle spinning (MAS) alone 
is usually not sufficient even at the highest rotation rates available, and so in order to 
carry out homonuclear dipolar decoupling the application of rf pulses is usually 





Figure 3.8. 1H (9.4 T, 9.091 kHz MAS) NMR spectra of L-alanine (a) without and (b) with eDUMBO-
122 homonuclear decoupling during acquisition. In (b), a scaling factor of 0.50 has been applied to 
correct the chemical shift axis. * denotes a spinning sideband. 
 
there has been considerable development in the field of homonuclear dipolar 
decoupling, and current schemes are able to achieve efficient decoupling through a 
combination of rf-based pulse sequences and magic-angle spinning (MAS) - the so-
called combined rotation and multiple-pulse spectroscopy (CRAMPS) approach.37 
Two types of decoupling sequences have become the preferred methods for acquiring 
high-resolution 1H NMR spectra in the solid state. The first type includes the phase-
modulated38 and frequency-switched39 Lee−Goldburg sequences. These were 
developed using a theoretical model based on the original Lee−Goldburg experiment33 
where the spin system is subjected to a rotation about the magic angle in the rotating 
frame under the influence of off-resonance rf irradiation. The second group, the 
“decoupling using mind-boggling optimisation” (DUMBO) sequences, were 
developed using an optimisation strategy that aimed to provide the most efficient 
narrowing of spectral lines, versus either simulation40 or experiment (eDUMBO).41-43 
DUMBO sequences are generally analogous to Lee−Goldburg approaches, with the 
exception that there are four, rather than two, rotations. Additionally, DUMBO 
sequences include a low-amplitude phase modulation that is designed to further 
improve line narrowing. This improvement in line narrowing is illustrated in Figure 
3.8, which shows 1H MAS NMR spectra of L-alanine with and without the application 
of eDUMBO-122 decoupling during acquisition.





Figure 3.9. Pulse sequence for a generic 2D NMR experiment. 
 
comparable to that of Figure 1.1, where fast MAS was employed. There are some 
considerations that should be noted when utilising homonuclear decoupling. The first 
is that the optimisation process is multi-step, and must be carefully followed to ensure 
optimal results. The second is that because chemical shifts evolve around an effective 
field, a scaling factor must be applied in order to provide “meaningful” δ values.40 
Additionally, care should be taken to set the transmitter offset such that any artefact 
peaks do not interfere with “true” resonances.43 
 
3.2 Advanced Experiments 
 
3.2.1 Two-Dimensional NMR Spectroscopy 
 
So far, one-dimensional (1D) experiments in solid-state NMR spectroscopy have been 
outlined. Often, though, it is not sufficient simply to know whether certain species are 
present, or if two nuclear species are spatially close to one another, but it can be 
important also to know exactly which of each type of species are close to which of 
another. It is possible to utilise nuclear spin interactions to gain insight into this 
question by employing two-dimensional (2D) NMR experiments.6 A pulse sequence 
for a generic 2D NMR experiment is shown in Figure 3.9. It proceeds as follows: there 
is a preparation step where magnetisation is generated, which is then allowed to evolve 
in a time, t1. This is then followed by a mixing step where magnetisation transfer 
occurs between spins, followed by signal (FID) acquisition in a time, t2. The amplitude 
of the signal that is obtained is modulated by the evolution in t1 and so, if this time is 
systematically increased across a series of experiments, then it is possible to indirectly 




Figure 3.10. (a) Pulse sequence for a CP HETCOR experiment. (b) 1H-27Al (9.4 T, 14 kHz MAS, τCP = 
0.8 ms) CP HETCOR spectrum of partially dehydrated γ-Al2O3. Assignments for Al and H resonances 
are shown next to the projections of each dimension. 
 
Fourier transforming the data then results in a 2D spectrum that shows spins between 
which magnetisation has been transferred.6 There are two types of 2D correlation 
experiments: heteronuclear (where magnetisation is transferred between two different 
nuclear species) and homonuclear (where transfer occurs between the same type of 
nuclear species), and these are described in more detail below. 
 
3.2.1.1 Heteronuclear Correlation Experiments 
 
To perform a heteronuclear correlation experiment, it is necessary to apply rf pulses 
to both nuclei in order to enable magnetisation transfer. Experiments can be designed 
such that this process occurs via either the J coupling (through bond) or the dipolar 
interaction (through space). Cross peaks then reveal which spins are connected through 
bonds or are in close proximity.6 One example of a 2D heteronuclear correlation 
experiment is the CP HETCOR experiment, where the basic pulse sequence can be 
considered as a derivative of that for CP, and is shown in Figure 3.10(a). The 
experiment begins with creation of I spin coherences which evolve during t1. It is 
possible, if desired, to insert a homonuclear decoupling scheme during this period.41 




Figure 3.11. Pulse sequence for the R-INEPT experiment. The sequence above is for a scalar (through-
bond) experiment. A dipolar (through-space) experiment can be created by modifying the sequence to 
include blocks of dipolar recoupling on the I spin during the τ periods. A prior cross polarisation 
component can also be added to the pulse sequence if required. 
signal acquisition occurs during t2.
6 In this basic experiment it is possible, as for a 1D 
CP experiment, to vary the contact time in order to probe the variation in spatial 
proximity of I and S nuclei.46 An example of a CP HETCOR spectrum is shown in 
Figure 3.10(b), a 1H-27Al 2D correlation spectrum of a sample of γ-Al2O3 dehydrated 
in vacuo at 150 °C for ~24 h. It reveals that Al(VI) and Al(V) environments are close 
in space primarily to AlOH species on the surface of the material, whereas Al(IV) 
mainly correlates to residual adsorbed H2O. 
Another example of a heteronuclear correlation sequence is the INEPT (insensitive 
nuclei enhanced by polarisation transfer) experiment. It
 
was initially designed for use 
in solution-state experiments to enhance weak NMR signals of low-γ nuclei through 
the use of magnetisation from high-γ nuclei.47,48 A modified version is usually used in 
solids that includes a refocusing step, in order to obtain purely absorptive (i.e. in-
phase) lineshapes.49 The intensity of the signal that is detected depends on the 
magnitude of the equilibrium magnetisation and the transfer efficiency. Nuclei with 
high γ have larger equilibrium magnetisation and so generate higher sensitivity in the 
experiment. Fyfe et al. demonstrated the feasibility of using INEPT in the solid state 
to study scalar (through-bond) connectivity involving quadrupolar nuclei in the 




Figure 3.12. (a) Pulse sequence and coherence pathway for a refocused INADEQUATE experiment. In 
this version, CP is used to enhance initial 13C magnetisation. (b) 13C-13C (9.4 T, 10 kHz MAS, τ = 3 ms) 
refocused INADEQUATE spectrum (with CP from 1H, where τCP = 0.5 ms) of U[13C]-L-alanine. Solid 
black lines indicate correlations between directly bonded 13C species. The solid grey line denotes the 
δDQ = 2δSQ autocorrelation diagonal.  ♦ indicates a relayed anti-phase peak resulting from two nuclei 
that are not covalently bonded, but share a common coupling partner.59 * denotes a spinning sideband. 
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It has also been adapted to probe through-space (dipolar) connectivity between 
heteronuclei by incorporating dipolar recoupling schemes.53 Gan described the use of 
methods such as REDOR as applied to the HMQC experiment,54 but they are also 
applicable to INEPT as well.55 Indeed, the INEPT experiment, in both scalar and 
dipolar forms, has previously been utilised for the study of aluminosilicate-based 
materials with notable success.56 It has also been used for this purpose, in combination 
with DNP, in Chapter 6 of this work. The pulse sequence for the refocused INEPT (R-
INEPT) experiment is shown in Figure 3.11. 
3.2.1.2 Homonuclear Correlation Experiments 
It is also possible to probe proximities between the same type of nuclear species. This 
can prove to be useful in cases where a material is comprised of a complex mixture of 
polymorphs or phases. By utilising 2D correlation experiments, it is possible to 
identify homonuclear pairs in such mixtures, thus providing valuable information 
regarding, for example, phase identity.57 Homonuclear 2D experiments can be 
designed to probe both scalar and dipolar couplings between species. Although scalar 
couplings are less evident in the solid state than in the solution state (owing to the 
additional interactions present), their relationship to connectivity in molecular systems 
is an important one. One example of this type of experiment is the incredible natural 
abundance double quantum transfer experiment (INADEQUATE). The pulse 
sequence is shown in Figure 3.12(a). Although it is primarily used for solution-state 
experiments, a version that has been adapted for use in solid-state NMR spectroscopy 
is also available, incorporating a refocusing step to produce purely in-phase 
lineshapes.58 During the delay, τ, the magnetisation evolves, influenced by J couplings, 
to create double-quantum coherences between coupled spins. The 180° pulse then 
refocuses any evolution resulting from chemical shifts and the τ period is rotor 
synchronised, in order to avoid signal modulation by MAS. Double-quantum 
coherences evolve during t1 then are converted to observable coherences before the 
signal is acquired.58 Figure 3.12(b) shows the 13C-13C refocused INADEQUATE 
spectrum of U[13C]-L-alanine. Correlations are observed between those 13C species 
that are directly bonded to one another (i.e. 1J(13C-13C)). The experiment can also be 





Figure 3.13. (a) Pulse sequence and coherence transfer pathway for a generic homonuclear SQ-DQ 
correlation experiment. (b) The BABA scheme employed for excitation and conversion of DQ 
coherences where τr = rotor period and  n = number of BABA blocks used. (c) 1H-1H (9.4 T, 40 kHz 
MAS) SQ-DQ BABA spectrum of L-alanine, where n = 1. Solid black lines denote DQ coherences 
between two protons of the same type (e.g., CH-CH). Dashed coloured lines indicate DQ coherences 
between two different types of protons (e.g., CH3-CH). The solid grey diagonal line denotes the δDQ = 
2δSQ autocorrelation diagonal. 
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length of the τ period. In the case of U[13C]-L-alanine, however such resonances are 
expected to be present at ~1% of the intensity of 1J(13C-13C) ones.59 As a result, they 
are not observed in the spectrum in Figure 3.12(b). 29Si-29Si refocused INADEQUATE 
experiments have been utilised in the study of silicated alumina catalysts, in 
combination with DNP, in Chapter 6 of this work. 
Several different approaches exist for conducting homonuclear through-space 
correlations experiments for solids. The generic sequence for this kind of experiment 
is shown in Figure 3.13. It proceeds as follows: double-quantum (DQ) coherences are 
generated by an excitation scheme and evolve during t1. They are converted to a 
population state by a conversion scheme (which is often the same as the excitation 
scheme), before being converted to transverse SQ magnetisation by a 90° pulse.60 
Several types of excitation/conversion schemes exist that can be used in a SQ-DQ 
correlation experiment. One example is the back-to-back (BABA) sequence developed 
by Spiess and co-workers.61,62 The scheme, shown in Figure 3.13(b), consists of two  
90° pulses with different phases which are applied at half rotor period intervals (τr/2) 
to prevent refocusing of the dipolar coupling. This means that the basic component fits 
into one whole rotor period, and the recoupling approach can be used at high MAS 
rates. This gives it good applicability for studying 1H-1H and 19F-19F dipolar 
interactions.63 Figure 3.13(c) shows a 1H-1H SQ-DQ BABA correlation spectrum of 
L-alanine. It can be seen that all three types of proton (CH3, CH and NH3
+) are close in 
space to each other, from the presence of “off-diagonal” (δDQ ≠ 2δSQ) resonances 
resulting from DQ coherences between two different types of 1H species (e.g., CH3-
CH). Alternative excitation/conversion schemes can also be used for DQ 
correlations.64-67 
3.2.2 Carr-Purcell Meiboom-Gill 
Studies of some NMR-active nuclei can be challenging due to low sensitivity resulting 
from low natural abundance and/or low-γ. The Carr-Purcell Meiboom-Gill (CPMG) 
pulse sequence,68,69 named for the researchers who developed it, can be used to 
enhance the peak height signal-to-noise ratio of solid-state NMR spectra. The pulse 
sequence is shown in Figure 3.14(a). It consists of an “echo train” of successive 180° 
















Figure 3.14. (a) Pulse sequence for a CPMG experiment, where N = number of echoes. (b) 93Nb (14.1 
T) CPMG spectrum of a static sample of K7Na[Nb6O19].  
intensity in the resulting NMR spectrum is therefore concentrated into sharp 
“spikelets”, with intensities that resemble the conventional powder pattern lineshape. 
The lineshape resolution is dependent on the spikelet separation, which is the inverse 
of the echo separation. CPMG can be used under both static and MAS conditions.70 In 
the latter case, it is necessary to ensure that the echo interval is rotor synchronised. 
CPMG can also be useful for the study of nuclei that exhibit large quadrupole 
interactions, resulting in broad powder pattern lineshapes.71 An example of this is 
shown in Figure 3.14(b), where the 93Nb (spin I = 9/2) CPMG spectrum of the 
polyoxometalate K7Na[Nb6O19] is shown. The application of CPMG allows for the 
acquisition of the complete CT lineshape with a high level of sensitivity. 












































Figure 3.15. Simulated quadrupolar lineshapes for the 23Na CT (spin I = 3/2) at different B0 field 









Figure 3.16. Schematic representation of the experimental setup for DOR. 
As mentioned previously, even under the application of MAS, quadrupolar CT 
lineshapes are still affected by second-order quadrupolar broadening. However, 
several approaches have been developed to remove or mitigate the effect of this type 
of broadening. 
3.2.3.1 Ultrahigh Magnetic Fields 
As previously outlined, second-order quadrupolar broadening is inversely dependent 
on ω0. Therefore, by increasing the B0 field strength, it is possible to reduce this 
broadening. This is illustrated in Figure 3.15, which shows the effect of acquiring 
spectra at different B0 on simulated 
23Na (spin I = 3/2) CT lineshapes. In 2002, Gan et 
al.72 demonstrated that it is possible to effectively mitigate the effects of second-order 
quadrupolar broadening if a high enough B0 field is used. By means of a hybrid 
superconducting-resistive magnet with B0 = 40 T, they were able to acquire a 
27Al 
MAS NMR spectrum of Al18B4O33. At this extremely high magnetic field strength, the 
resonances are predominantly broadened by B0 field imperfections. The current B0 
field limit for superconducting NMR magnets is, however, lower than this example, at 
24 T.73 
3.2.3.2 Double Rotation 
The double rotation (DOR) method74 can be considered as an extension of MAS. In 
DOR, an inner rotor spins inside a larger outer rotor, with the outer one set at 54.736° 
relative to B0 to remove second-rank anisotropic broadening, while the inner one is 
inclined at 30.56° with respect to the outer rotor, to remove fourth-rank anisotropic 
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broadening. This is schematically illustrated in Figure 3.16. This, in theory, should 
result in the complete removal of all quadrupolar broadening, but as the large outer 
rotor restricts rotation rates to ~2 kHz, the result is an NMR spectrum that contains a 
complex manifold of spinning sidebands that can make spectral analysis and 
interpretation more challenging. Additionally, DOR requires specialist and potentially 
expensive hardware. 
3.2.3.3 Dynamic Angle Spinning 
Like DOR, Dynamic Angle Spinning (DAS)75 aims to remove quadrupolar broadening 
by rotating the sample around two angles, but this is done sequentially, as a 2D 
experiment, instead of simultaneously. Magnetisation evolves in t1 while the rotor is 
aligned along one angle, then before t2 the angle is adjusted so that the first- and 
second-order perturbations are refocused, leaving only the isotropic peaks. Long T1 
relaxation times are required, as between t1 and t2 the magnetisation has to be stored 
along the z-axis and so does not evolve. As with DOR, specialist hardware is required 
for DAS experiments. 
3.2.3.4 Multiple-Quantum Magic Angle Spinning  
Other methods also exist that do not require alteration of the rotation angle, instead 
using spin manipulation to acquire a spectrum free from quadrupolar broadening. A 
key example is the multiple-quantum magic angle spinning (MQMAS) experiment 
first introduced by Frydman and Harwood.76 Unlike the DOR and DAS techniques 
described above, MQMAS can be carried out using standard MAS hardware, which 
makes it a more convenient and less expensive option for the routine acquisition of 
isotropic spectra of quadrupolar nuclei. It is a 2D experiment, applicable to nuclei with 
half integer spin quantum number, where the CT is correlated with a symmetric (i.e., 
mI ↔︎ −mI) multiple quantum (MQ) transition. Direct excitation of MQ magnetisation 
is formally forbidden by NMR selection rules though, so the filtration stage of the 
experiment suffers from poor sensitivity. This is one of the principal disadvantages of 
the MQMAS experiment, although several approaches have been devised to increase 
experimental efficiency.77-79 The resulting 2D spectrum obtained after Fourier 








Figure 3.17. Pulse sequence and coherence transfer pathway for a two pulse MQMAS experiment based 
on that introduced by Frydman and Harwood.76 In the coherence transfer pathway diagram, the echo 
and anti-echo pathways are indicated by solid and dashed lines, respectively. The coherence transfer 
pathway that is followed depends on the MQMAS ratio of the spin quantum number. For spin I = 3/2, 
the ratio for 3QMAS is negative, so the p =  −3 pathway is followed. 
there is a high-resolution isotropic spectrum that is free from quadrupolar broadening 
after appropriate processing.6 Theoretically, the MQMAS experiment can be 
performed on any quadrupolar nucleus with half-integer spin quantum number, via any 
available symmetric odd-ordered coherences. The ratio of the fourth-rank coefficients 
for the MQ and SQ coherences, A4(I,mI)/A
4(I,1/2), differs from the corresponding 
coefficients of the isotropic terms, A0(I,mI)/A
0(I,1/2).6,76,80 The ratio of the anisotropic 
fourth-rank coefficients differs depending on the spin system and coherence order, as 
shown in Table 3.2. In this work, triple-quantum (3Q) MQMAS experiments have 
been utilised exclusively. 
The original MQMAS experiment used a two-pulse approach for the generation of 3Q 
coherences.76 An adapted version of this pulse sequence is shown in Figure 3.17. The 
principal disadvantage of this method is that the resulting spectrum displays “phase-
twist” lineshapes6 and, as a result, modified sequences have subsequently been 
introduced in order to obtain pure absorption-mode lineshapes. 
One example of a modified MQMAS sequence is the z-filtered experiment,81 the pulse 
sequence for which is provided in Figure 3.18(a). For the case of a 3QMAS 




Figure 3.18. Pulse sequences and coherence pathways for (a) the z-filtered MQMAS experiment (b) 
shifted echo MQMAS and (c) split-t1 shifted echo MQMAS (spin I = 3/2) (upper) and split-t1 shifted 
echo MQMAS (spin I ≥ 5/2) (lower) experiments. In the coherence pathway in (b), the dashed line 





Figure 3.19. An illustration of the effect of shearing transformation on a schematic MQMAS spectrum. 
Table 3.2. MQMAS ratios R (A4(I,mI)/A4(I,1/2)) for half-integer quadrupolar nuclei. 
Spin I mI = ±3/2 mI = ±5/2 mI = ±7/2 mI = ±9/2 
3/2 −7/9    
5/2 19/12 −25/12   
7/2 101/45 11/9 −161/45  
9/2 91/36 95/36 7/18 −31/6 
 
pulse. This is followed by the evolution time, t1, then a second pulse that converts the 
coherence order to zero. Next, there is a z-filter delay, τ, during which magnetisation 
is stored along the z-axis, parallel to B0 (in the laboratory frame). The application of a 
third low power 90° CT “selective” pulse, excites observable p = −1 magnetisation, 
before acquisition of the FID.6,81 The 2D spectrum obtained from a z-filtered MQMAS 
experiment contains a set of ridge-like lineshapes which lie along a gradient equal to 
the MQMAS ratio for the particular nucleus under study. A projection orthogonal to 
these ridges produces an isotropic spectrum. In order to obtain a spectrum where the 
ridges are parallel to δ2, and the isotropic spectrum can be obtained directly from a 
projection onto δ1, a shearing transformation is required.
6 This is schematically 
illustrated in Figure 3.19. In this work, all sheared z-filtered MQMAS spectra 
presented have been referenced in δ1 according to the convention proposed by Pike et 
67 
 
al.,82 unless otherwise indicated. 
Alternatively, a three-pulse MQMAS experiment may be carried out via a shifted-echo 
approach.83 The coherence pathway used for this sequence depends on both spin I and 
sign of the MQMAS ratio. In the case of 3QMAS, for spin I = 3/2, the ratio is negative, 
so the p = −3 pathway is used. For spin I = 5/2, 7/2 and 9/2, the 3QMAS ratio is positive 
and the p = +3 pathway is followed. After a delay, τ, a refocusing CT selective 180° 
pulse is applied. This shifts the subsequent whole echo, and allows it to be acquired. 
It is necessary for T2 relaxation to be of sufficient duration to enable the acquisition of 
a whole echo. As with the z-filtered experiment, a shearing transformation is required 
to obtain ridges parallel to δ2. The pulse sequence for the 3QMAS shifted-echo 
experiment is shown in Figure 3.18(b). In the split-t1 version of this experiment 
developed by Brown and Wimperis84 however, shearing of the spectrum is not 
necessary. This is because the second-order broadening is completely refocused after 
t1. In this experiment, the t1 evolution time is divided into two contributions according 
to the MQMAS ratio (values for these contributions are given in Appendix C). In the 
3QMAS case, the pulse sequence consists of an excitation pulse followed by a part of 
t1 (the MQ contribution). Next, a pulse is used to convert coherence order from p = +3 
to p = +1, and this is followed by an echo delay, τ. A low power 180° CT selective 
pulse then precedes the remaining t1 portion (the CT contribution). By splitting the t1 
period between MQ and CT evolution, the second-order quadrupolar broadening is 
refocused at the end of t1. In the resulting spectrum, the second-order broadened ridges 
are parallel to the δ2 axis, and a spectrum free from quadrupolar broadening is obtained 
by a projection on to the δ1 axis. Pulse sequences for the 3QMAS split-t1 shifted-echo 
experiment are shown in Figure 3.18(c). 
3.2.3.5 Extracting NMR Parameters from MQMAS Spectra 
One of the great strengths of the MQMAS experiment is that it enables values for 
several useful NMR parameters to be obtained.6 By extracting cross sections of the 
lineshapes from along the ridges in the 2D spectrum, analytical fitting can be carried 
out and values for δiso (isotropic chemical shift), CQ (quadrupolar coupling constant), 
and ηQ (quadrupolar asymmetry parameter), obtained. Alternatively, for disordered 




Figure 3.20. (a) 87Rb (9.4 T, 14 kHz MAS) NMR spectrum of RbNO3. (b) 87Rb (9.4 T, 14 kHz MAS) z-
filtered 3QMAS NMR spectrum of RbNO3. A shearing transformation has been applied. (c) Cross 
sections parallel to δ2 extracted from the spectrum shown in (b). 
Table 3.3. 87Rb NMR parameters (isotropic chemical shift, δiso, quadrupolar coupling constant, CQ, 






Site CQ / MHz δiso (ppm) ηQ PQ / MHz 
Rb1 1.60 −32.3 0.6 1.75 
Rb2 1.63 −27.9 0.3 1.61 
Rb3 2.00 −29.5 0.9 2.31 
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which can be carried out via fitting software such as DMFit.86 If neither of these 
approaches are possible due to, for example, lineshape distortion or overlapping of 
ridges, then the position of the centre of gravity of the 2D lineshape (δ1, δ2), can be 
used to obtain the δiso and PQ (quadrupolar product), where PQ is a combination of CQ 
and ηQ, as defined in Equation 2.40. 
The following example, in Figure 3.20, demonstrates the utility of the MQMAS 
experiment. Figure 3.20(a) shows the 87Rb (spin I = 3/2) MAS NMR spectrum of 
RbNO3. It contains several overlapping CT lineshapes, making analysis and 
interpretation of each component difficult. By performing a 3QMAS experiment, the 
spectrum in Figure 3.20(b) was obtained. Here, it is possible to distinguish the three 
Rb sites, and in δ1 their resonances are now unaffected by quadrupolar broadening. 
Furthermore, by extracting cross sections from along each of the ridges, as shown in 
Figure 3.20(c), NMR parameters can be obtained in the manner described above. The 
parameters for each Rb site (designated here as Rb1, Rb2 and Rb3) in RbNO3 are given 
in Table 3.3. PQ is equal to CQ for the case where ηQ = 0, and because ηQ can have a 
value of between 0 and 1, PQ can deviate from CQ at maximum by 15.5% (for the case 
where ηQ = 1).
87 
3.2.3.6 Satellite-Transition Magic Angle Spinning 
In addition to MQMAS, the satellite-transition magic angle spinning (STMAS) 
experiment, can also be used to obtain isotropic spectra. Introduced in 2000 by Gan,88 
it is similar in nature to MQMAS, but instead of utilising MQ transitions, the single-
quantum satellite transitions (STs) are correlated to the CT, which increases the 
sensitivity significantly. STs are, however, also affected by first-order quadrupolar 
broadening, making the experiment more difficult to carry out. The magic angle must 
be set with high accuracy (± 0.002°), the rotation rate has to be very stable (<±1 Hz) 
and the pulses in the sequence must be timed very accurately.89 The pulse sequence 
for the STMAS experiment is similar to MQMAS (with p = ±1 ST replacing p = ±3 




3.2.4 Experimental Aspects of DNP NMR Spectroscopy 
In Chapter 2, the theory underlying the signal enhancement technique known as 
dynamic nuclear polarisation (DNP) was introduced. In this section, information is 
provided on the practical aspects of the technique, particularly sample preparation and 
instrumentation. 
3.2.4.1 Sample Preparation for DNP Experiments 
DNP is well-known for its ability to enhance the sensitivity of solid-state NMR 
experiments by transferring magnetisation from unpaired electrons to nearby nuclei.90 
In the DNP experiment, an exogenous radical is introduced as a polarisation source 
using standard wet impregnation techniques.91 Continuous wave microwave 
irradiation then polarises the NMR-active nuclei in the sample, with the extent of 
polarisation being dependent on several factors e.g., abundance, gyromagnetic ratio 
and relaxation properties of the nucleus. 1H nuclei are usually the most rapidly 
polarised, with spin diffusion mechanisms efficiently distributing this enhanced 
nuclear polarisation across protons of the sample and solvent,92-96 from where 
conventional CP can then be applied to transfer the polarised spin from 1H to less 
receptive nuclei. The exogenous radical source and hyperpolarised protons reside at 
the surface of the sample to provide a convenient enhancement of surface NMR signals 
relative to those of the bulk. As a result, DNP experiments have been given the label 
DNP-SENS, where SENS stands for Surface Enhanced NMR Spectroscopy.97 Thus, 
DNP enables the aforementioned challenges of surface insensitivity and poor S/N to 
be overcome, so that NMR spectroscopy can be used to efficiently characterise the 
surface structures of a diverse range of materials. 
 
DNP experiments are typically performed at low temperature (~100 K) in order to 
facilitate glass formation and to more effectively saturate the EPR transitions, hence 
achieving greater polarisation via the cross effect. In addition to the DNP effect, a 
Boltzmann-based signal enhancement is also obtained by virtue of the low 
temperatures employed. The enhancement factor, ε, determined from the ratio of signal 
intensities with microwave irradiation on and off, is governed by several factors 
including, temperature, microwave power, concentration of the exogenous radical 
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source and the extent of surface wetting.93,98-100 Proton density in particular has a 
profound effect on signal enhancement, as a direct consequence of the complex 
pathway of polarisation transfer from electron to target nucleus. Achieving efficient 
signal enhancement requires both an appreciable accumulation of 1H polarised spin 
and facile spin diffusion, which is governed by the nature of the coupled proton 
network comprising the surface and surrounding solvent. If the 1H T1 time is too short, 
enhanced polarisation will dissipate before it can be sufficiently distributed through 
the sample. The efficacy of DNP will therefore diminish with short T1 relaxation times. 
This can however, be overcome by exchanging fast relaxing protons with deuterons or 
functional groups with more slowly relaxing protons.101 For example, high levels of 
deuteration are known to produce large 1H enhancements in d8-glycerol/D2O/H2O 
frozen solutions, where deuteration slows relaxation among remaining protons and 
allows polarisation to be distributed over a smaller reservoir of 1H nuclei.102 The 
combined effect is a more efficient channelling of polarisation to those protons that 
contribute directly to CP. Halogenated solvents are also found to provide a 
significantly higher ε than their non-halogenated analogues, an observation that is 
again assigned to a reduction of the 1H density in the solvent.103  A coupled proton 
network is essential for the transfer of spin polarisation to occur, but if proton density 
is too high, then relaxation rates are adversely affected and the polarisation transfer 
efficiency is diminished. Therefore, it can be seen that the relationship between 1H and 
ε is non-monotonous,102 highlighting the importance of sample preparation.  
3.2.4.2 DNP NMR Instrumentation 
The NMR spectrometer system used to perform DNP NMR experiments can be 
considered an extension of the conventional solid-state NMR one. DNP NMR 
instruments for solid-state applications were first successfully developed by the Griffin 
research group at the Massachusetts Institute of Technology in the 1990s.104-106 It was 
these efforts that led to the development of present day commercial spectrometers by, 
among others, Bruker Biospin,100,107 which have been installed in several research 
laboratories around the world. These systems are comprised of several individual 
components, and detailed description of each can be found in the works of Rosay et 




Figure 3.21. Annotated photographs of (a) The 14.1/7.2 T DNP NMR system installed at the University 
of Nottingham, UK. (b) The LT MAS apparatus for the system shown in (a). (c) A DNP NMR probe in 
use at the Ecole Polytechnique Fédérale de Lausanne, Switzerland. (d) 3.2 mm ZrO2 and sapphire (α-
Al2O3) rotors used for DNP NMR experiments. 
A brief summary of the principal parts of instrumentation is given below via reference 
to the annotated photographs in Figure 3.21. 
NMR magnet (Figure 3.21(a)): these are very similar to conventional wide bore solid-
state NMR magnets. However, additionally they are equipped with sweep coils to 
enable the use of a range of polarising agents, for direct DNP experiments involving 
nuclei other than 1H, and investigating polarisation transfer mechanisms.109,110,112 
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Commercial Bruker DNP NMR magnets are available in three B0 field strengths of 9.4 
T, 14.1 T and 18.8 T.107  
Gyrotron (Figure 3.21(a)): this is the instrument that generates the high power 
microwaves required for polarisation transfer from unpaired electrons to nuclei, and 
consists of a gyrotron tube sealed inside a strong magnetic field. Gyrotrons operate by 
transferring energy from an electron beam to an electromagnetic wave.108 Commercial 
gyrotrons are available in 4.8, 7.2 and 9.7 T magnetic field strengths, and current 
models do not require cryogenic liquid cooling.107 
Microwave transmission line (Figure 3.21(a)): also called a waveguide, this consists 
of a series of interconnected aluminium tubes. Its purpose is to channel microwaves 
from the gyrotron to the sample under study inside the NMR probe. This is 
accomplished via a mirror optics box at the probe end of the transmission line.113 
Low temperature magic angle spinning (LT MAS) unit (Figure 3.21(b)): as DNP NMR 
experiments typically take place at ~100 K, it is necessary to be able to perform stable 
MAS at this temperature. Commercial DNP LT MAS units are similar to that designed 
by Levitt and co-workers.114 A stream of N2 gas is passed through a heat exchange 
dewar filled with liquid nitrogen and sent to the NMR probe via an insulated transfer 
line and a variable temperature (VT) bore/probe insert. In order to reduce thermal 
losses, bearing and drive N2 gas streams for MAS are cooled by bringing them into 
thermal contact with the cold VT gas.  
 
LT MAS probe (Figure 3.21(c)): from an NMR perspective, the LT MAS probes 
operate in a similar manner to their room temperature (RT) equivalents. Unlike RT 
probes, they contain additional apparatus to accommodate the cooling of bearing and 
drive gas streams. Several designs exist,114-117 but probes built by Bruker Biospin are 
based on that of Griffin and co-workers,117 and allow for the insertion and ejection of 
rotors without warming up to RT beforehand. The majority of DNP probes are 
designed for 3.2 mm rotors, although the introduction of a commercial 1.9 mm LT 






Figure 3.22. (a) 1H (9.4 T, 8 kHz MAS) DNP NMR spectrum of a 14 mM solution of TEKPol in 1,1,2,2-
tetrachloroethane (TCE), impregnated onto 29Si-γ-Al2O3 (1.5 wt% Si). * denotes a spinning sideband. 
(b) 1H-29Si (9.4 T, 8 kHz MAS, τCP = 3.5 ms) DNP CP NMR spectrum of 29Si-γ-Al2O3. For both sets of 
spectra, enhancement factors, ε, are given in the top right corner. All spectra were acquired at ~100 K.  
mw = microwaves. 
 
DNP NMR rotors (Figure 3.21(d)): two types of 3.2 mm rotors can be utilised for 
solid-state DNP NMR experiments. Transparent rotors, machined from single crystals 
of synthetic sapphire (α-Al2O3), are generally preferred over ZrO2 rotors, due to their 
higher thermal conductivity and their greater microwave transparency.117 However, 
for 27Al NMR experiments, ZrO2 rotors should be used in order to avoid interference 
from the 27Al background NMR signal from sapphire.118 Rotor inserts are used to 
ensure that the radical/solvent matrix is contained in the rotor, and that the sample 
receives efficient rf and microwave irradiation. 
 
3.2.4.3 Acquisition of DNP NMR Spectra  
 
DNP has become well-known in the field of solid-state NMR spectroscopy for the 
signal enhancement it can provide versus conventional techniques.90 As mentioned in 
Chapter 2, signal enhancement is usually denoted by ε. Where nuclei other than 1H are 
being observed in an experiment, the enhancement factor is usually given in the form 
of, for example, “ε 27Al CP = 20”.119 Variations in the magnitude of ε have been 
reported, ranging from 20 for 27Al DNP NMR experiments on γ-Al2O3
119 to over 200 
for 29Si NMR analysis of mesoporous silica containing propyl azide species bound to 
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its surface.120 It is important to note that ε does not reflect an enhancement over an 
equivalent conventional solid-state NMR experiment. Rather, it represents the gain in 
sensitivity obtained by the application of microwaves to the sample residing in the 
DNP NMR spectrometer. This is illustrated in Figure 3.22(a), which shows 1H DNP 
NMR spectra of a 14 mM solution of TEKPol in1,1,2,2-tetrachloroethane (TCE),120 
impregnated onto 29Si-γ-Al2O3. When microwaves are applied, a large signal 
enhancement of the TCE resonance (1H δ = 6.2 ppm) is observed. A slightly reduced 
ε is obtained upon CP from 1H to 29Si in Si-γ-Al2O3, as shown in Figure 3.22(b). The 
overall enhancement remains significant though, allowing for the acquisition of 2D 
experiments, as detailed in Chapter 6 of this work. De Paëpe and co-workers121 and 
Rossini et al.122 argue that ε should be treated with a measure of caution, and that 
signal-to-noise ratio (S/N) per unit of time be used to quantify DNP enhancements 
instead. Both sets of researchers have introduced different methods in order to 
accomplish this goal. De Paëpe and co-workers propose the use of an “absolute 
sensitivity ratio” (ASR). This parameter is determined experimentally by comparing 
the S/N per unit square root of time between a DNP NMR experiment and a similar, 
conventional solid-state NMR experiment.121 Rossini et al. advocate using the “overall 
sensitivity enhancement” (Σ) to assess DNP enhancements. The overall sensitivity 
enhancement is defined as 
 
 Σ  =  (ε) (θ) √κ ,  (3.13) 
where ε is the DNP enhancement factor, θ is the parameter which quantifies reduction 
of the NMR signal by paramagnetic effects (the “quenching factor”), and κ is the ratio 
of the nuclear T1 relaxation times of nuclei in a dry sample and nuclei in a sample 
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Chapter 4. Sample Preparation and Experimental Details 
 
In this chapter, details are provided for each of the solid-state NMR and DNP NMR 
experiments for all the projects that have been undertaken in this work. Information 
on the origin and/or preparation of samples that have been studied in this thesis are 
also provided. Details of 17O enrichment procedures are also given.  
 
4.1 General Solid-State NMR Experimental Details 
 
Solid-state NMR spectra were acquired using Bruker Avance III spectrometers, 
equipped with 9.4 T, 14.1 T or 20.0 T widebore magnets operating at Larmor 
frequencies of 400.13 MHz, 600.13 or 850.13 MHz for 1H, respectively. Powdered 
samples were packed into 1.3, 1.9, 3.2 or 4 mm ZrO2 rotors and rotated at MAS rates 
of between 10 and 55 kHz, using conventional double or triple resonance probes. 
Additional experimental details are provided in the extended figure captions in 
Appendix A. Chemical shifts are shown (quoted in ppm) relative to primary reference 
standards,1 measured using secondary references, as described in Appendix B. 
Calibration of 17O 3QMAS experiments performed in Chapter 6 was carried out using 
either 17O-enriched amorphous SiO2 (provided by Miss Giulia Bignami, St Andrews), 
or 75% 17O-enriched orthoenstatite (MgSiO3) (courtesy of Dr Andrew Berry, 
Australian National University). The facility manager at St Andrews, Dr Daniel 
Dawson, is thanked for experimental assistance. Spectra acquired at 20.0 T were 
recorded at the UK 850 MHz solid-state NMR facility, which was funded by EPSRC 
and BBSRC (contract reference PR140003), as well as the University of Warwick 
including via part funding through Birmingham Science City Advanced Materials 
Projects 1 and 2 supported by Advantage West Midlands (AWM) and the European 
Regional Development Fund (ERDF). Collaborative assistance from the 850 MHz 
Facility Manager (Dr Dinu Iuga, University of Warwick) is acknowledged. The 
contribution of Mr Bonifác Légrády (St Andrews) to some of the experiments 




DNP NMR experiments were performed using either a Bruker Avance I (Ecole 
Polytechnique Fédérale de Lausanne (EPFL), Switzerland) or a Bruker Avance III 
spectrometer (DNP MAS NMR Facility, University of Nottingham, UK). The 
spectrometer at EPFL was equipped with a 9.4 T widebore magnet operating at a 
Larmor frequency of 400.21 MHz for 1H. A 9.7 T gyrotron magnet was utilised for the 
generation of microwaves, operating at a frequency of 263 GHz. Professor Lyndon 
Emsley is thanked for facilitating the use of the spectrometer in Lausanne, along with 
his postdoctoral researchers, Dr Brennan Walder and Dr Jasmine Viger-Gravel, who 
provided valuable insights and assistance. The spectrometer at the University of 
Nottingham was equipped with a 14.1 T widebore magnet operating at a Larmor 
frequency of 600.13 MHz for 1H. A 7.2 T gyrotron magnet was utilised for the 
generation of microwaves, operating at a frequency of 395 GHz. The assistance of the 
facility manager, Dr Subhradip Paul (University of Nottingham), is acknowledged. Dr 
Jeremy Titman (University of Nottingham) is also thanked for helpful discussions. On 
both DNP NMR instruments, the field of the NMR magnet was set such that 
microwave irradiation occurred at the 1H positive enhancement maximum of nitroxide 
biradicals. Incipient wetness impregnation of powdered samples (~25 mg) was 
performed with a solution (16-24 μl) of the nitroxide biradical polarizing agent 
TEKPol2 in 1,1,2,2-tetrachloroethane (TCE)3 (14-20 mM). Impregnated samples were 
packed into 3.2 mm sapphire or ZrO2 rotors, and frozen at 100 K inside a 3.2 mm triple 
resonance LT MAS probe using dry N2 as the bearing and drive gas. Samples were 
typically subjected to multiple thawing cycles by ejecting the sample into the catcher 
in the room temperature region of the probe, in order to minimise the amount of oxygen 
in the biradical solution (which would decrease DNP enhancements).4,5 Samples were 
rotated at MAS rates between 8 and 13.2 kHz. Chemical shifts are shown (in ppm) 
relative to an internal reference of of TCE (1H δ = 6.2 ppm)6,7 for 9.4 T spectra, and 
relative to primary reference standards,1 measured using secondary references (spectra 
were acquired at ~298 K), for 14.1 T spectra (see Appendix B for more details). 
 
Offline processing of experimental NMR spectra was performed using Bruker 
TopSpin 3.5 or DMFit.8 Fits of spectra were obtained with the Solid Lineshape 
Analysis (SOLA) module within Bruker TopSpin 3.5, or via DMFit,8 which includes 
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implementation of the Czjzek distribution of the EFG and a Gaussian distribution of 
δiso
9 to model quadrupolar NMR spectra of disordered samples.10 
 
4.2 Sample Details 
 
4.2.1 Chapter 1 
 
L-alanine was obtained from Sigma-Aldrich and used without further purification. 
Samples of the silicon phosphate material and Zeolite USY were provided by Sasol 
UK Ltd. TiO2 (anatase) and MgO were acquired from Sigma-Aldrich and 
17O enriched 
according to the procedures outlined later in this chapter. 
 
4.2.2 Chapter 2 
 
L-alanine was obtained from Sigma-Aldrich and used without further purification. 
 
4.2.3 Chapter 3 
 
L-alanine, glycine, 1[13C]-glycine and RbNO3 were obtained from Sigma-Aldrich and 
used without further purification. SnO2 was acquired from Fisher Chemical and used 
as-received. γ-Al2O3 was obtained from Sasol UK Ltd. A sample of this material was 
partially dehydrated by heating it in vacuo at 150 °C for ~24 h. Further samples of γ-
Al2O3 were 
17O enriched according to the procedure outlined later in this chapter. 
U[13C]-L-alanine was obtained from Isotec Ltd and used as-received. K7Na[Nb6O19] 
was provided by Professor Richard Walton (University of Warwick). 29Si-γ-Al2O3 (1.5 
wt% Si) was prepared according to the procedure outlined in subsection 4.2.6 below. 
Details of wet impregnation of this material with DNP radical/solvent solutions are 







4.2.4 Chapter 5 
 
γ-Al2O3 was obtained from Sasol UK Ltd. Co-γ-Al2O3 and Co-Si-γ-Al2O3 materials 
were prepared according to the procedures briefly described below. 
 
COLL10: Co3O4 supported on γ-Al2O3 (10 wt% Co). This material was prepared by a 
colloidal route,11 using Co(NO3)2
∙6H2O combined with a surfactant. Pt (0.1 wt%) was 
also introduced (using Pt(NH3)4(NO3)2) as a promoter.
12 Calcination was carried out 
in NO (1% NO/He, 250 °C for 6 h, ramp rate of 1 °C min−1). The average Co3O4 
crystallite size was <5 nm. 
 
IW5: Co3O4 supported on γ-Al2O3 (5.4 wt% Co). This material was prepared by 
incipient wetness methods,13 using Co(NO3)2
∙6H2O. Pt (0.1 wt%) was also introduced 
(using Pt(NH3)4(NO3)2) as a promoter.
12 Calcination was carried out in NO (1% 
NO/He, 250 °C for 6 h, ramp rate of 1 °C min−1). The average Co3O4 crystallite size 
was <5 nm. 
 
IW17: Co3O4 supported on Si-γ-Al2O3 (1.5 wt% Si) (17 wt% Co). This material was 
prepared by incipient wetness methods,13 using Co(NO3)2
∙6H2O. Pt (0.1 wt%) was also 
introduced (using Pt(NH3)4(NO3)2) as a promoter.
12 Calcination was carried out in NO 
(1% NO/He, 250 °C for 6 h, ramp rate of 1 °C min−1). The average Co3O4 crystallite 
size was 15-16 nm. 
 
IW21: Co3O4 supported on Si-γ-Al2O3 (1.5 wt% Si) (21 wt% Co). This material was 
prepared by incipient wetness methods,13 using Co(NO3)2
∙6H2O. Pt (0.1 wt%) was also 
introduced (using Pt(NH3)4(NO3)2) as a promoter.
12 Calcination was carried out in NO 
(1% NO/He, 250 °C for 6 h, ramp rate of 1 °C min−1). The average Co3O4 crystallite 









IWN020: Co3O4 supported on γ-Al2O3 (20 wt% Co). This material was prepared by 
incipient wetness methods,13 using Co(NO3)2
∙6H2O. 0.025 wt% Pt was also introduced 
(using Pt(NH3)4(NO3)2) as a promoter. Calcination was carried out in NO (1% NO/He, 
250 °C for 6 h, ramp rate of 1 °C min−1). The average Co3O4 crystallite size was <5 
nm. 
 
IWN010: Co3O4 supported on γ-Al2O3 (10 wt% Co). This material was prepared by 
incipient wetness methods,13 using 1/2 the Co loading of IWN020 (using 
Co(NO3)2
∙6H2O). 0.0125 wt% Pt (using Pt(NH3)4(NO3)2) was also introduced as a 
promoter. Calcination was carried out in NO (1% NO/He, 250 °C for 6 h, ramp rate of 
1 °C min−1). The average Co3O4 crystallite size was <5 nm. 
 
IWN05: Co3O4 supported on γ-Al2O3 (5 wt% Co). This material was prepared by 
incipient wetness methods,13 using 1/4 the Co loading of IWN020 (using 
Co(NO3)2
∙6H2O). 0.00625 wt% Pt (using Pt(NH3)4(NO3)2) was also introduced as a 
promoter. Calcination was carried out in NO (1% NO/He, 250 °C for 6 h, ramp rate of 
1 °C min−1). The average Co3O4 crystallite size was <5 nm. 
 
Mixtures of IWN020 and γ-Al2O3 were prepared by gently grinding together the two 
materials in different proportions, using a mortar and pestle (75:50 IWN020:γ-Al2O3, 
50:50 IWN020:γ-Al2O3 and 25:75 IWN020:γ-Al2O3). 
 
CoAl2O4-based materials were provided by Sasol UK Ltd. The preparation of these 
samples is briefly described below. 
 
CoAl2O4: Co-γ-Al2O3 (6 wt% Co) was prepared by incipient wetness methods,
13 using 
Co(NO3)2
∙6H2O. Calcination was carried out in NO (1% NO/He, 250 °C for 6 h, ramp 
rate of 1 °C min−1). This material was then heated at 1000 °C for 6 h in a muffle furnace 




Co-CoAl2O4: this material was prepared by incipient wetness impregnation
13 of the 
previous material (CoAl2O4), using Co(NO3)2
∙6H2O (resulting in 20 wt% Co). 
Calcination was carried out in NO (1% NO/He, 250 °C for 6 h, ramp rate of 1 °C 
min−1) to produce Co3O4 supported on CoAl2O4. 
 
MgAl2O4 was obtained from Sigma-Aldrich and used without further purification. 
Phase identity was confirmed by powder X-ray diffraction (PXRD) (additional details 
are provided in Appendix E). 
 
4.2.5 Chapter 6 
 
γ-Al2O3 was obtained from Sasol UK Ltd. TiO2 (anatase) was acquired from Sigma-
Aldrich and used without further purification. Phase identity was confirmed by PXRD 
(additional details are provided in Appendix E). Titanium-modified alumina materials 
were provided by Sasol UK Ltd. The preparation of these samples is briefly described 
below. 
 
Ti-γ-Al2O3: this material was prepared by a conventional wet impregnation 
procedure.14 γ-Al2O3 (Sasol, 98%) was impregnated with Ti(OCH(CH3)2)4 (Sigma-
Aldrich, 97%) dissolved in ethanol. Samples were then dried at 60 °C in vacuo and 
subsequently calcined in air at 550 °C for 2 h (ramp rate of 10 °C min−1). 
 
Ti-Al M50: this material was prepared via the co-hydrolysis15 of Al-hexanoate and Ti-
hexanoate. Drying and calcination was performed in the same manner as for Ti-γ-
Al2O3. 
 
Aliquots of both of the above materials were 17O-enriched according to the procedures 







Figure 4.1. Annotated photograph of the 17O enrichment apparatus used to enrich the materials studied 
via 17O solid-state NMR spectroscopy in this work. 
 
Preparation of the Si-γ-Al2O3 (1.5 wt% Si) material was carried out as follows: γ-Al2O3 
(Sasol, 98%) was wet impregnated16 with either conventional (Sigma-Aldrich, 98%) 
or 99% 29Si-enriched (Cortecnet, >95%) tetraethyl orthosilicate (TEOS) dissolved in  
ethanol, in an inert (Ar) atmosphere. Samples were then dried at 60 °C in vacuo and 
subsequently calcined in air at 520 °C for 2 h (ramp rate of 10 °C min−1). 29Si-γ-Al2O3 
with high silica loading (nominally 8 wt% Si) was prepared in the same way. 
 
Si-γ-Al2O3 materials containing 2.8, 3.5 and 5.2 wt% Si were prepared by a multi-
grafting approach,16-19 in a manner similar to that described above, where the previous 
graft in the series was used as the starting material for the next graft. Samples were 
degassed at ~150 °C for a minimum of 12 h prior to wet impregnation. Final 
compositions of Si-γ-Al2O3 materials were confirmed by elemental analysis (ICP 
OES) and/or X-ray photoelectron spectroscopy (XPS). XPS experiments were carried 
out using a Kratos Axis Ultra-DLD photoelectron spectrometer (Sasol UK Ltd) with a 
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monochromatic Al Kα (hν = 1486.6 eV) X-ray source, and the data were analysed 
using CasaXPS software. Dr Hervé Ménard (Sasol UK Ltd) is thanked for performing 
the XPS experiments and assisting with data processing and interpretation. Dr Paul 
Webb and Dr Hervé Ménard (Sasol UK Ltd) are thanked for their assistance with the 
preparation of the Si-γ-Al2O3 materials.  
 
Dehydrated γ-Al2O3 and Si-γ-Al2O3 samples were dried in vacuo (150 or 300 °C, for 
durations of between ~6 and ~24 h) and subsequently packed into 4 mm ZrO2 rotors 
in an inert (N2) atmosphere. 
 
Silica gel (grade 922, 200 mesh) was obtained from Sigma-Aldrich and was used as-
received. Aliquots of γ-Al2O3, Si-γ-Al2O3 (1.5 wt% Si), Si-γ-Al2O3 (5.2 wt% Si) and 
29Si-enriched Si-γ-Al2O3 (1.5 wt% Si) were 
17O-enriched according to the procedures 
outlined in section 4.3 below. 17O-enriched amorphous SiO2 was provided by Miss 
Giulia Bignami (St Andrews). 
 
4.3 17O Enrichment 
 
As previously mentioned in Chapter 1, 17O has a very low natural abundance (0.04%), 
which makes performing NMR experiments with this nucleus almost impossible on a 
reasonable timescale. Accordingly, in this work, materials studied by solid-state 17O 
NMR spectroscopy have been 17O-enriched via a post-synthetic gas exchange method 
similar to the one used by Grey and co-workers.20 The assistance of Miss Arantxa 
Fernandes (St Andrews) with these procedures is gratefully acknowledged. Figure 4.1 
shows the apparatus used for this type of enrichment. An O2 gas canister, containing 
70% 17O2, is connected at one end of the cross junction, and a quartz vial containing 
~100-200 mg of sample is attached at the other end. The system is then evacuated 
down to a pressure of <1 mbar. Once the apparatus has been checked for leakages, 17O 
gas is allowed to flow into the sample vial under liquid N2. This ensures that most of 
the gas condenses in the bottom part of the vial, where the sample resides. After an 
equilibration period, the quartz vial is then sealed, removed from the enrichment 
apparatus, and allowed to return to room temperature behind a safety shield. Finally, 
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it is heated in a furnace at the desired temperature and duration to allow 16O/17O 
exchange to occur. In this work, samples were heated at temperatures of between 300 
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Chapter 5. Investigation of Supported Metal Catalysts 
 
 
This chapter describes an investigation of alumina-supported cobalt oxide-based 
catalysts by solid-state NMR spectroscopy. The application of 1H and 27Al NMR 
techniques to the study of the Co-γ-Al2O3 and Co-γ-CoAl2O4 systems have provided 
insights into the influence of metal oxide loading and crystallite size on the metal-
support interaction in these heterogeneous catalysts. Additionally, detailed 
characterisation of γ-Al2O3 has been carried out, providing valuable information about 
the surface/bulk chemistry of this underlying support material. 
 
5.1 Introduction to Supported Metal Catalysts 
 
The F-T synthesis process, introduced in Chapter 1, is one of the key methods in the 
modern world for the large-scale production of liquid hydrocarbons.1 F-T reactions are 
catalysed by transition metals such as Co, Ni, Fe, Rh or Ru supported on a variety of 
porous materials.2 Out of these, Co, Fe and Ru are the most commonly studied 
transition metals due to their good selectivity for higher molecular weight 
hydrocarbons, a desirable trait for industrial applications.3 Ru is considered to be the 
best catalyst for F-T synthesis, being highly active, capable of operating at low reaction 
temperatures and able to produce long chain hydrocarbons without the addition of 
promoter species.4 Unfortunately, Ru is not suitable for use in commercial reactor 
systems due to its high cost and scarcity, meaning that Fe and Co are usually the 
transition metals of choice in industrial settings.3,4 Fe has the advantages of being very 
abundant and inexpensive, but is susceptible to deactivation via carbon deposition or 
the breakup of constituent catalysts. Fe catalysts are, however, suitable for use with 
H2-poor feedstocks, opening up the possibility for them to be used in the conversion 
of coal and biomass to hydrocarbons.3,4,5 By comparison, Co, whilst more expensive 
than Fe, is resistant to deactivation and exhibits CO conversion rates that are less 
affected by the presence of H2O in the reactant stream. As a result, Co catalysts 
represent the best compromise for the production of long chain hydrocarbons from H2-




It has been determined that the activity level of a Co F-T catalyst is related to the 
number of Co atoms that are present on its surface – i.e., the more Co atoms, the higher 
the catalytic activity.6 Therefore, in order to maximise the amount of Co species 
present on the surface of the catalyst, these materials are prepared by depositing Co 
oxide onto supports possessing high surface area. Commonly used examples of such 
supports include oxide materials such as TiO2, SiO2 and Al2O3, as they display 
favourable catalytic activity when compared to other materials,7 and their porous 
nature serves to regulate the size of the Co oxide particles that are formed. A brief 
description of these principal support materials is given below. 
 
TiO2, or titania, is the simplest oxide of the transition metal titanium. The two most 
common forms of this material are the tetragonal structures rutile (the most stable 
form) and anatase (stable, but can be transformed into rutile at high temperatures).9 
Both of these forms are composed of TiO6 units that are connected by sharing two and 
four edges for rutile and anatase, respectively.10 The advantages of TiO2 as a support 
stem from the fact that both forms are inexpensive and safe to handle.11 From a 
catalytic perspective, it has also been shown to be resistant to coking (the formation of 
carbonaceous residues on the catalyst surface), particularly in comparison to SiO2-
based catalysts.12 
 
SiO2, or silica, is an oxide of the group 14 element silicon. It exists in several different 
forms and is found most commonly in nature as either the crystalline phase quartz, or 
as amorphous SiO2.
13 When used as a support, it is often in the form of mesoporous 
silica,14,15 where the SiO2 structure contains pores of up to 300 Å in diameter.
16 
Mesoporous silicas are attractive catalyst supports due to their very high surface areas 
and uniform pore size distributions. These features allow for efficient control of the 
dispersion and size of Co particles, two factors which have been shown to directly 
affect F-T reaction rate and product selectivity.17 
 
Al2O3, or alumina, is a polymorphic oxide of aluminium. Its thermodynamically stable 






Scheme 5.1. Phase transitions undergone by Al2O3 polymorphs upon heating at increasing 
temperatures, beginning from the aluminium oxyhydroxides (a) boehmite or (b) bayerite.22 
 
octahedrally-coordinated in a hexagonally close packed (hcp) array.18 α-Al2O3 itself 
has found use in catalysis, thanks to its intrinsic strength and stability. It has been 
documented as a suitable support material for the preparation of Ag-based catalysts 
for reactions such as the selective oxidation of ethylene19,20 and the reduction of NOx.
21 
Other polymorphs of Al2O3 are metastable and one form can typically be obtained by 
high-temperature calcination of the previous one in the series, as outlined in Scheme 
5.1. By dehydrating the aluminium oxyhydroxide material boehmite at between 300 
and 500 °C, γ-Al2O3 is produced.
22 It is also possible to obtain γ-Al2O3 by dehydrating 
pseudoboehmite, a poorly crystalline form of AlO(OH). In this case, the resulting 
alumina typically possesses a very high surface area, about 5 times greater than an 
analogous material synthesised from boehemite.23 As with most of the other 
metastable polymorphs, γ-Al2O3 is comprised of a defect cubic spinel structure similar 
to that of the “ideal” spinel arrangement found in MgAl2O4, but possessing site 
vacancies in the positions otherwise filled by Mg.24 Al occupies octahedral and 
tetrahedral sites in the bulk structure, with additional pentahedral Al sites also found 
at the surface.24,25  
 
Out of all the polymorphs of alumina, γ-Al2O3 is most commonly used for catalytic 
applications,24 and is often used as a support for F-T synthesis catalysts. Its 
attractiveness in this role stems from its high thermal stability at the temperatures 
employed for F-T reactions, and its resistance to attrition26 (the 
breakdown/fragmentation of catalyst particles27). Metal sites deposited on γ-Al2O3 
tend to be highly dispersed across the support, leading to a high level of active surface 
area available for catalysis, which in turn improves catalyst performance.28,29 In this 
work, the catalyst samples studied were prepared using Co as the transition metal, and 
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either γ-Al2O3 or Si-modified γ-Al2O3 as the support material. It has been shown that 
creation of a silica overlayer protects against the formation of cobalt aluminate species, 
which can reduce the number of active sites available for catalysis.30  
 
A particularly notable feature of Co-γ-Al2O3-based catalysts is the presence of a strong 
metal-support interaction (MSI). There are three types of MSI that have been 
identified. The first is a physical obstruction of the active particles (usually a metal) 
which causes a modification of activity and/or adsorption behaviour e.g., by 
“decoration” of the metal particles by material diffusing from the support onto them. 
The second is an electronic effect in which the varying oxidation state of a reducible 
support (e.g., TiO2 or CeO2) affects the electronic surface bands of the metal particle, 
causing modification of the chemisorption behaviour of gas species on the metal and 
therefore of the catalyst’s activity and/or selectivity. The third is a relatively strong 
“bonding” (covalent, ionic or van der Waals) between the support and the surface 
metal which acts to fix them in position and so decrease their rates of surface diffusion 
and coalescence, decreasing loss of specific surface area by particle sintering. This can 
also apply to single atoms of the active phase.3,4,23,26 
 
The “bonding” type of MSI phenomenon was first identified in 1978 by Tauster et al. 
for noble metals (e.g., Pt and Pd) supported on TiO2.
31 They observed that when these 
catalysts were subjected to high-temperature reduction (the process by which metal 
oxides are converted to metal particles, prior to the beginning of a catalytic reaction32), 
their ability to chemisorb H2 and CO was greatly reduced.
31 By ruling out the 
possibility of metal agglomeration (the “clumping together” of metal particles that 
reduces the amount of active sites33), Tauster et al. deduced the presence of a chemical 
interaction, i.e., covalent bond formation, between the TiO2 bulk structure and the 
group 8 surface metal species.31,34 This has been termed a “strong metal-support 
interaction” (SMSI) and continues to be a major subject of research in the field of 
heterogeneous catalysis.35-37 The MSI that is present in Co-γ-Al2O3-based catalysts, 
whilst related to the one first observed by Tauster et al., differs somewhat. It is 
characterised by a “pre-reduction” interaction between deposited Co3O4 particles and 
the γ-Al2O3 support. Upon initial deposition of Co, the precursor compound displays 
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only weak interaction with the support. Subsequent drying and calcination steps 
produce Co3O4 crystallites dispersed across the γ-Al2O3 surface.
3 The crystallite size 
is governed primarily by the initial Co loading, with higher loadings tending to favour 
the formation of larger crystallites, which are less well dispersed than smaller ones.3,26 
The reaction of small Co oxide particles with γ-Al2O3 is thought to cause the formation 
of Co aluminate-like spinel structures, which, as mentioned above, are not catalytically 
active. This “interaction phase” is also problematic because unlike Co3O4, it cannot be 
reduced to the active Co metal phase required for F-T synthesis.38 The MSI also affects 
the overall ease with which the catalyst can be reduced, requiring high temperatures 
for longer durations, two factors which are known to reduce the active Co surface 
area.39 In order to compensate for these issues, catalysts are often modified by the 
addition of so-called “reduction promoters”.3 These are typically noble metals such as 
Pt, Pd, Rh or Ru that are introduced during the synthesis process.3 It has been observed 
that addition of even a small amount of promoter (e.g., 0.5 wt%) lowers the 
temperature required to reduce Co3O4 species to the active metal phase.
40,41 It has been 
hypothesised that in the case of Pt, reduction occurs at these metal centres first, 
allowing “hydrogen spillover” to occur onto Co3O4, causing nucleation to Co metal 
sites.42 This translates into profound effects upon catalytic activity. For example, 
Schanke et al., observed that the addition of 0.4 wt% Pt to supported cobalt catalysts 
increased CO hydrogenation rates by 3-5 times over those recorded for non-promoted 
analogues.43 This effect has also been documented for cases where other metal 
promoters have been employed, such as Ru,44 Pd45 and Re.45,46 
 
5.2 Solid-State NMR Spectroscopy of Disordered Materials 
 
It was mentioned above that in this work, the catalyst samples studied were prepared 
using cobalt as the transition metal supported on γ-Al2O3-based materials. Below is an 
outline of the considerations and approaches for characterising systems such as these 





























Figure 5.1. (a) 27Al (9.4 T, 14 kHz MAS) short flip angle DP NMR spectrum of the CT of aluminium 
acetylacetonate (Al(acac)3). ♦ denotes the centreband of the inner (±1/2 ↔ ±3/2) satellite transition.47 
(b) Lineshape fit of the experimental spectrum shown in (a). The following NMR parameters were 
obtained: CQ = 3.0 MHz; ηQ = 0.16 and δiso = 0.0 ppm. 
 
27Al is one of the three NMR-active nuclei found in Al2O3-based materials. As 
mentioned in Chapter 1, it possesses moderate receptivity, 100% natural abundance, 
and 27Al NMR spectroscopy is a very good probe of coordination number. In 
crystalline materials with well-defined crystallographic sites, the 27Al CT spectra 
present as a second-order quadrupolar powder patterns resembling those in Chapters 
2 and 3. An experimental example of this is given in Figure 5.1, which features the 
27Al MAS NMR spectrum of aluminium acetylacetonate (Al(acac)3). A single site with 
octahedral coordination can be easily identified, and the well-defined power pattern 












Figure 5.3. (a) 27Al (9.4 T, 14 kHz MAS) z-filtered 3QMAS spectrum of γ-Al2O3, with lines indicating 
distributions of chemical shifts (distCS) and quadrupolar parameters (distQ). A shearing transformation 
has been applied. (b) 27Al (9.4 T, 14 kHz MAS) z-filtered 3QMAS spectrum of γ-Al2O3, with fits using 
the Czjzek model for the EFG and a Gaussian distribution of δiso (black lines) overlaid on each 
resonance (coloured lines). A shearing transformation has been applied. In (b) referencing in δ1 was 
carried out according to the convention proposed by Amoureux and Fernandez,58 in order for the Czjzek 




Table 5.1. NMR parameters (average quadrupolar coupling constant, <CQ>, average isotropic 
chemical shift, <δiso> and full width at half maximum of the Gaussian distribution of the isotropic 
chemical shift, FWHM distCS) for γ-Al2O3, extracted using the Czjzek model for the EFG and a Gaussian 






extracted - CQ = 3.0 MHz, ηQ = 0.16 and  δiso = 0.0 ppm, which are in general agreement 
with published data.47 The well-defined powder patterns described above are generally 
only observed for highly-ordered materials. Many of the systems of interest to 
materials chemists, such as glasses,48 ceramics,49 cements50 and catalysts (as in this 
work) however, do not share this feature. Solid-state NMR spectra of such materials, 
particularly for quadrupolar nuclei like 27Al, look distinctly different from the one 
shown in Figure 5.1. γ-Al2O3 provides a particularly good example of this, as can be 
seen from its 27Al MAS NMR spectrum in Figure 5.2. Here, the lineshapes 
corresponding to Al(IV) and Al(VI) species lack the characteristic features observed 
in the previous figure. A notable observation though, is the presence of an upfield 
“tail”, resulting from a distribution of quadrupolar parameters, with additional 
broadening caused by a distribution of δiso.
51 The shape of these resonances is 
determined by the magnitude and nature of these two distributions, and whether they 
exhibit any correlation.51,52 For these reasons, it is quite challenging to extract detailed 
NMR parameters from the MAS NMR spectrum of γ-Al2O3. Approaches to overcome 
this hurdle do exist, however, and a particularly relevant example is the one pioneered 
by Massiot and co-workers.53-55 By making use of the fact that both CQ and ηQ are 
related to the principal components of the EFG tensor, a joint distribution of these 
parameters can be assumed. Spectral lineshapes can then be fitted using the Czjzek 
distribution of the EFG56 and a Gaussian distribution of δiso,
55 allowing NMR 
parameters to be extracted. The 3QMAS NMR experiment, introduced in Chapter 3, 
can also be a useful tool when studying quadrupolar nuclei in disordered samples. By 
observing the shape of the ridge lineshapes in the 2D spectrum, insight can be gained
  
Site <CQ> / MHz <δiso> (ppm) FWHM distCS (ppm) 
Al(IV) 5.5 (2) 75 (2) 9 (2) 




Figure 5.4.  27Al (14.1 T, 20 kHz MAS) short flip angle DP NMR (black) and 1H-27Al (14.1 T, 20 kHz 
MAS, τCP = 0.8 ms) CP NMR (red) spectra of γ-Al2O3. * denotes a spinning sideband. 
 
into the distributions of NMR parameters that exist and their correlation. This is 
illustrated for γ-Al2O3 in Figure 5.3(a), which shows its 
27Al 3QMAS spectrum. The 
coloured axes on the spectrum displays the gradients along which broadening indicates 
a distribution of chemical shifts (distCS) or quadrupolar parameters (distQ) is present. 
The Czjzek model can also be applied to fit the resonances in 3QMAS spectra, and 
this can be implemented in freely available software such as DMFit,57 allowing for the 
extraction of average values for CQ and δiso for Al(IV) and Al(VI) sites.
54 The 
implementation of this approach is shown in Figure 5.3(b), which displays the Czjzek 
model fit of the 27Al 3QMAS spectrum of γ-Al2O3, carried out using DMFit. The NMR 
parameters obtained via this method are provided in Table 5.1. It can be seen that the 
average CQ for tetrahedrally-coordinated Al sites is ~1 MHz greater than that of the 
octahedral Al species. This is likely to be indicative of the fact that Al fills positions 
arising from defects in the ‘ideal’ spinel structure, reflecting the deviation of γ-Al2O3 
away from an ordered structure. This is further reinforced by the large chemical shift 
distribution for both sites. As with CQ, this value is greater for Al species occupying 






5.3 Characterising the Surface Structure of γ-Al2O3 
 
It has been demonstrated that the use of both 1D and 2D 27Al NMR techniques are able 
to reveal the presence of Al(IV) and Al(VI) sites in the structure of γ-Al2O3. It was 
mentioned above though, that this material also contains pentahedrally-coordinated Al 
sites, a feature which is not readily observed in the spectra presented in Figures 5.2 
and 5.3. Indeed, early 1H-27Al CP NMR experiments by Morris and Ellis59 showed no 
detectable resonances attributable to Al(V) species in samples of commercial γ-Al2O3. 
However, a subsequent 27Al DP NMR study by Chen et al.60 demonstrated that 
calcination of boehmite ground in a ball mill produced an alumina with an appreciable 
quantity of Al(V). Interestingly, it was also shown that calcination of boehmite without 
prior ball milling produced a material without a detectable Al(V) peak in its 27Al DP 
NMR spectrum. The authors attributed this finding to the ball milled alumina being 
more thermally stable than the non-milled material. It was proposed that Al(V) sites 
in the non-milled structure were more likely to undergo rearrangement to form four- 
or six-coordinate species.60 Since commercial γ-Al2O3 is normally produced from the 
calcination of boehmite (or pseudoboehmite23) that has not been subjected to prior 
milling, there is uncertainty as to whether five-coordinate species exist in the 
industrially-relevant material. Subsequent studies by Peden and co-workers have 
demonstrated that the use of ultrahigh magnetic fields, i.e., 21.1 T, allows for the 
identification of a five-coordinate Al resonance in commercially obtained γ-Al2O3, as 
a result of a reduction in second-order quadrupolar broadening.61-63 Furthermore, by 
doping with Ba or La oxides, these researchers showed that Al(V) is likely to be 
located at the surface of the oxide.61,62 
 
As mentioned in Chapter 3, although CP from spin I = 1/2 to quadrupolar nuclei offers 
generally poor prospects for signal enhancement, it is well-suited to the task of 
“spectral editing”. This makes it a good approach for the detection of the surface 
species in γ-Al2O3. Figure 5.4 shows the 
27Al DP and CP NMR spectra of this material, 
in black and red respectively. It can be seen that the application of CP enables the 
observation of an Al(V) resonance that is not seen in the DP spectrum. Additionally, 
















Figure 5.5. 1H-27Al (14.1 T, 14 kHz MAS, τCP = 0.8 ms) z-filtered CP 3QMAS NMR spectrum of γ-Al2O3. 
A shearing transformation has been applied. Resonances corresponding to Al(IV) and Al(VI) species 
are labelled. * denotes a spinning sideband. 
 
Table 5.2. NMR parameters (average quadrupolar product, <PQ>and average isotropic chemical shift, 
<δiso>) for the Al(VI) sites in γ-Al2O3, obtained from the z-filtered CP 3QMAS spectrum (Al(VI)a) in 
Figure 5.5, and a conventional z-filtered 3QMAS spectrum (Al(VI)b) (shown in Figure 5.13(a)). Both 






in the intensity of the Al(IV) resonance between them. It may be inferred from this 
that, relative to octahedral Al, less tetrahedral Al resides at the surface of γ-Al2O3. 
Additionally, it can be argued that pentahedral Al species are primarily resident on the 
oxide surface, due to the lack of an observable corresponding resonance in the 27Al DP 
NMR spectrum. This finding is in agreement with the work of Lee et al.,25 who studied 
γ-Al2O3 using DNP enhanced solid-state NMR techniques. By means of surface 
selective and so-called “bulk filtered” 27Al 3QMAS experiments, these researchers 
demonstrated that Al(V) is only located in the first surface layer of the oxide.  
Site <PQ> / MHz <δiso> (ppm) 
Al(VI)a 3.6 (2) 13 (2) 
Al(VI)b 3.4 (2) 13 (2) 
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In order to explore further the predominant species that are found in the surface 
structure of γ-Al2O3, the use of additional NMR techniques is required. As mentioned 
above (and in Chapter 3), the 3QMAS experiment is well suited to providing high-
resolution spectra containing additional information about local environments 
experienced by given species. Thus, in principle, it ought to be possible to combine 
CP and 3QMAS together in an approach that allows a 2D spectrum of, for example, 
Al surface sites to be acquired. Indeed, an example of a spectrum obtained from this 
kind of experiment is shown in Figure 5.5. Here, a 1H-27Al CP 3QMAS experiment 
was used to acquire a spectrum of γ-Al2O3. The sequence employed here is based on 
the z-filtered experiment introduced by Ashbrook and Wimperis,64 where p = ±3 
coherences are excited from the p = ±1 coherences created by CP from 1H. The 
combination of 3Q filtration and CP means that this type of experiment is quite 
insensitive. Nonetheless, with careful setup and an extended period of signal 
averaging, a spectrum can be obtained for moderately receptive nuclei such as 27Al. 
The spectrum shown above features a relatively well resolved resonance 
corresponding to Al(VI) species, along with an additional one tentatively assigned to 
Al(IV). No identifiable resonance for Al(V) species is observed though, which is 
initially surprising given the surface selective nature of the CP 3QMAS experiment. 
However, in the work of Lee et al.25 previously mentioned, only a small, relatively low 
intensity peak was seen in their DNP-enhanced CP 3QMAS spectrum. This suggests 
that the insensitivity of the experiment under conventional solid-state NMR conditions 
is responsible for the lack of an observable Al(V) resonance. The same line of 
reasoning may also be applied to the low intensity of the Al(IV) resonance. It is also 
possible though, that there are fewer tetrahedral Al sites at the surface of γ-Al2O3. 
Certainly, it appears to be the case that octahedrally-coordinated Al sites are the 
predominant Al surface species in this material. Using the position of the centre of 
gravity of the Al(VI) lineshape, average PQ and δiso values were obtained, and are given 
in Table 5.2. Also given are the values obtained from a conventional (non-CP) z-
filtered 3QMAS spectrum acquired at the same field (14.1 T). The PQ values are in 
close agreement, suggesting that, on average, the two types of Al(VI) experience 
similar local environments. This could be the case if a proportion of these species 
occupy the second surface layer of the oxide,25 and are not directly exposed. 
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Figure 5.6.  1H-27Al (14.1 T, 40 kHz MAS) D-HMQC spectra of γ-Al2O3, acquired with (a) τrec = 0.3 ms 
and (b) τrec = 0.9 ms. In both spectra, annotations have been provided for resonance 
assignments/chemical shift values. (c) Schematic representations of the functional groups observed in 
the spectra shown in (a) and (b), along with corresponding 1H δiso values. (d) Overlaid projections of 
the 27Al dimension of the 2D spectra in (a) (blue) and (b) (red). 
 
It is also desirable to probe further the interactions between H and Al species on the 
surface of γ-Al2O3. By means of 2D correlation experiments, this is indeed possible. 
One experiment that has found good applicability in solid-state NMR spectroscopy is 
the D-HMQC (dipolar heteronuclear multiple-quantum correlation) experiment. This 
is a through-space correlation experiment initially adapted by Gan and co-workers65,66 
from the original solution-state through-bond technique introduced in 1979.67 It was 
further developed and brought to greater prominence by Delevoye and co-workers,68 
who have demonstrated its potential as a useful tool for structural investigations of 
oxide-type materials.68-70 Controlled reintroduction of the dipolar coupling between 
two nuclei allows for the acquisition of a spectrum that can be edited based on spatial 
proximities, similar to the CP HETCOR experiment. The advantage of the D-HMQC 
technique though, is that it is highly robust with respect to rf offset and is relatively 
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straightforward to optimise, compared a CP-based experiment for a quadrupolar 
nucleus.68 In this work, D-HMQC experiments have been performed using the SR421 
recoupling scheme developed by Brinkmann and Kentgens.71 This method is capable 
of being used under fast MAS (up to ~60 kHz)71 and has been shown to be very robust 
against rf field inhomogeneity.68,72 Figure 5.6 presents 1H-27Al D-HMQC spectra of γ-
Al2O3 recorded using different dipolar recoupling durations (τrec). In Figure 5.6(a), a 
short τrec value (0.3 ms) has been used. The presence of resonances corresponding to 
Al(IV), Al(V) and Al(VI) in the 27Al dimension are observed here, and all correlate 
with a region of the 1H dimension corresponding to 1H δiso ≈ 3.7 ppm. Based on the 
results reported by Taoufik et al.,70 this resonance has been assigned to Al3-OH species 
on the surface of the oxide. Al(IV) and Al(VI) species are also seen to correlate with 
1H δiso ≈ 4.7 ppm, which can be attributed to adsorbed H2O.
73-75 Very little correlation 
is observed between this region of the 1H spectrum and the Al(V) resonance, 
suggesting that pentacoordinated species are less likely to interact with H2O 
molecules, possibly due to their reduced presence in the first surface layer of γ-Al2O3.
25 
When τrec is extended to 0.9 ms, as in Figure 5.6(b), Al(V) is seen to correlate 
exclusively with a component at 1H δiso ≈ 2.5 ppm, assigned to Al2-OH species.
70 This 
suggests that at least two types of Al(V) environments exist on the γ-Al2O3, one of 
which more readily interacts with external species such as adsorbed H2O, due to its 
closer proximity to such molecules at the “top” of the surface region. Figure 5.6(c) 
provides a schematic illustration of the observed functional groups and their 
corresponding 1H δ values. In Figure 5.6(d), the projections of the 27Al dimension of 
the spectra in parts (a) and (b) are shown overlaid. They reveal that as τrec is increased, 
the intensity of the Al(VI) resonance decreases, accompanied by a corresponding 
increase in the intensity of the Al(IV) resonance. This, in combination with the 27Al 
CP 3QMAS data, supports the assertion that Al(VI) species are dominant at the 
immediate surface of γ-Al2O3. As a greater distance between H and Al is probed, 
“buried” Al(IV) species are more readily detected than their top-level Al(VI) 
counterparts. A shift in the position of the Al(V) resonance, by δ ≈ 3 ppm, is further 





Figure 5.7. (a) 1H-27Al (9.4 T, 14 kHz MAS, τrec = 0.43 ms) D-HMQC spectrum of γ-Al2O3 dehydrated 
in vacuo at 300 °C for ~6 h. A projection is shown for the 27Al dimension. Annotations have been 
provided for resonance assignments/chemical shift values. (b)  1H (9.4 T, 14 kHz MAS) NMR spectrum 
of the γ-Al2O3 sample studied in (a). Chemical shift values for resonances are indicated. (c) Schematic 
representations of the functional groups observed in the spectra shown in (a) and (b), along with 
corresponding 1H δiso values. 
 
γ-Al2O3 is a hygroscopic material,
76,77 a property which makes it and other aluminas 
suitable for use as a desiccant for air drying in the chemicals78 and water treatment 
industries.79 Accordingly, γ-Al2O3 that has not been subjected to drying procedures is 
present in a hydrated state,25,80,81 and discussion up until this point has focused on 
material where this is indeed the case. Further insight into the arrangement of aluminol 







Figure 5.8. (a) 27Al (14.1 T, 14 kHz MAS) z-filtered 3QMAS spectrum of γ-Al2O3 dehydrated in vacuo 
at 300 °C for 6 h. A shearing transformation has been applied. (b) Overlay of 27Al (14.1 T, 14 kHz MAS) 
short flip angle DP NMR spectra of hydrated (red) and dehydrated γ-Al2O3 (300 °C, 6 h) (black). (c) 
Overlay of 27Al (14.1 T, 14 kHz MAS, black) short flip angle DP and 1H-27Al (14.1 T, 14 kHz MAS, τCP 
= 0.8 ms, green) CP NMR spectra of spectrum of dehydrated γ-Al2O3 (300 °C, 6 h), where spectra have 










Table 5.3. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for the Al sites in dehydrated γ-Al2O3 (300 °C, 6 h), obtained from the z-filtered 3QMAS 








A sample of γ-Al2O3 was dried under vacuum for ~6 h and subsequently packed into 
a 4 mm rotor under an inert (N2) atmosphere, in order to prevent rehydration from 
exposure to atmospheric H2O. Figure 5.7(a) shows the 
1H-27Al D-HMQC spectrum of 
this sample acquired using a relatively short τrec value (0.43 ms). A notable feature of 
the spectrum is the presence of a relatively intense resonance attributable to Al(V) 
species. Removal of adsorbed H2O may thus facilitate a rearrangement or 
“scrambling” effect on the surface of γ-Al2O3 that results in the generation of 
additional pentacoordinated sites. Correlation between Al sites and four distinct H 
environments is also observed. By means of comparison with the 1H MAS NMR 
spectrum shown in Figure 5.7(b), these resonances can be assigned following the work 
of Taoufik et al.,70 and the findings discussed above for hydrated γ-Al2O3. Notably, it 
can be observed that dehydration facilitates the observation of isolated (non-bridging) 
AlOH species, principally (but not exclusively) connected to tetrahedral Al sites. The 
resonance at 1H δiso ≈ 0.8 ppm is assigned to Al2OH species anchored by Al(IV) and 
Al(V) species. The shift in this resonance to lower ppm values with respect to hydrated 
γ-Al2O3, can be attributed to a reduction in hydrogen bonding as a result of the removal 
of substantial adsorbed H2O. It may also be the case that this site is bonded to different 
types of Al sites.70 Al3-OH species (
1H δiso ≈ 3.7 ppm) continue to be observed on the 
oxide surface, suggesting that they remain largely unaffected by any surface 
“scrambling” or effects associated with thermal treatment of the oxide. A fourth 
resonance is also observed at 1H δiso ≈ 5.0 ppm, which is assigned to residual adsorbed 
H2O molecules on the surface of the oxide.
 73-75 Adsorbed water is known to be 
particularly difficult to remove from aluminas, requiring temperatures in excess of 350 
Site <PQ> / MHz <δiso> (ppm) 
Al(IV) 5.3 (2) 77 (2) 
Al(V) 4.4 (1) 38 (1) 
Al(VI) 3.3 (2) 14 (2) 
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°C or the use of high vacuum.73,82 The assignments outlined above are summarised 
schematically in Figure 5.7(c). 
 
The 27Al 3QMAS spectrum of dehydrated γ-Al2O3, shown in Figure 5.8(a), reveals the 
extent of the structural rearrangement that has taken place on the surface of this 
material. Of note is the presence of a resonance assigned to Al(V), that is not observed 
in the corresponding spectrum of hydrated γ-Al2O3, suggesting that there has been an 
increase in the quantity of this species present. This is further highlighted by 
comparing the 27Al DP MAS NMR spectra of the hydrated and dehydrated γ-Al2O3 
samples, as shown in Figure 5.8(b). Comparison of the DP and CP MAS spectra of 
dehydrated γ-Al2O3, displayed in Figure 5.8(c), confirms that the vast majority of 
pentahedral Al still reside at the surface of the material. Previously, researchers have 
reported CQ values for Al(V) in excess of 7 MHz,
25,70 in contrast to the lower average 
PQ value extracted from the spectrum in Figure 5.8(a), of 4.4 MHz. However, it has 
been observed by Wischert et al.83 that the local symmetry of Al sites is increased 
when bonded to OH groups, which in turn decreases the CQ for those particular sites. 
Moreover, they obtained a very similar Al(V) CQ value (4.5 MHz) for a sample of γ-
Al2O3 dehydrated at 300 °C, and CQ was seen to increase by 0.8 MHz when a second 
sample of γ-Al2O3 was treated at 500 °C. This suggests that in the material studied in 
this work, the Al(V) in dehydrated γ-Al2O3 are connected to surface OH groups, an 
assertion borne out by the evidence obtained from 1H-27Al D-HMQC experiments. 
Wischert et al. also report that hydroxylated Al(V) should display a resonance at 27Al 
δ ≈ 40 ppm,83 an observation which is consistent with the figure given in Table 5.3 
above. The PQ values obtained for Al(IV) and Al(VI) sites are very similar to those 
obtained for hydrated γ-Al2O3. As these are likely to correspond to bulk Al species, 
this is to be expected, given that the “scrambling” or rearrangement phenomena 
described above are surface level effects, governed by the extent to which γ-Al2O3 is 
hydrated.84 
 
5.4 Supported Metal Catalysts: Co-γ-Al2O3 and Co-Si-γ-Al2O3 Materials 
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To ascertain the effect of cobalt oxide modification on the structure of γ-Al2O3 and its 
analogues, two collections of model catalysts were studied using solid-state NMR 
spectroscopy. They have been designated as series one and series two. 
 
5.4.1 Series One  
 
The model catalysts in series one consist of materials prepared by both colloidal85 and 
incipient wetness86 methods with different cobalt loadings and differing crystallite 
sizes. Full details of their preparation have been provided in Chapter 4, and for ease of 
reference, they are briefly summarised below. 
 
COLL10: Co3O4 supported on γ-Al2O3 (10 wt% Co). This material was prepared by a 
colloidal route.85 The average Co3O4 crystallite size was <5 nm. 
 
IW5: Co3O4 supported on γ-Al2O3 (5.4 wt% Co). This material was prepared by 
incipient wetness techniques.33 The average Co3O4 crystallite size was <5 nm. 
 
IW17: Co3O4 supported on Si-γ-Al2O3 (1.5 wt% Si) (17 wt% Co). This material was 
prepared by incipient wetness methods.33 The average Co3O4 crystallite size was 15-
16 nm. 
 
IW21: Co3O4 supported on Si-γ-Al2O3 (1.5 wt% Si) (21 wt% Co). This material was 
also prepared by an incipient wetness route.33 The average Co3O4 crystallite size was 
15-16 nm. 
 
Incipient wetness impregnation is generally recognised as a catalyst preparation 
method that is both relatively straightforward to carry out and produces little waste. 
As a result, it has proven to be quite a popular avenue for the synthesis of supported 
metal catalysts.33 Alternatively, colloidal approaches can be utilised for catalyst 
preparation. Several procedures have been documented,85-88 but the one used to 





Figure 5.9. 1H (9.4 T, 40 kHz MAS) NMR spectra of series one catalysts (a) stacked and (b) overlaid 
and normalised.  
 
Table 5.4. 1H T2’ values determined for the series one catalysts IW21, IW5 and COLL10. RSS = residual 





IW21 IW5 COLL10 
T2’ (1) / μs T2’ (2) / μs T2’ (1) / μs T2’ (2) / μs T2’ (1) / μs T2’ (2) / μs 
109 817 49 420 216 1700 
RSS = 4.6 × 10−3 RSS = 5.0 × 10−3 RSS = 1.5 × 10−3 
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surfactant to create Co oxide nanoparticles. These particles are then dispersed in an 
organic solvent and combined with the desired support, in this case, γ-Al2O3.
85 
Synthesising Co oxide nanoparticles in this manner allows for their size and shape to 
be well controlled.89 Figure 5.9 shows the 1H MAS NMR spectra of the series one 
samples. They all exhibit a single resonance at 1H δiso ≈ 4.3 ppm, which is likely to be 
due to adsorbed H2O.
73-75 While the positions of the resonances show little change, as 
seen in Figure 5.9(a), considerable variation is observed in their linewidth, with the 
narrowest line (~4 kHz) for COLL10. IW17 and IW21 both give broader resonances 
(~8 kHz), consistent with adding (via incipient wetness impregnation) more metal 
oxide onto the surface of the support, but the spectrum of IW5 contains the broadest 
line (~16 kHz). This large variation in linewidths is well illustrated in Figure 5.9(b), 
where the spectra are overlaid. The introduction of small metal oxide particles by 
incipient wetness impregnation appears to create a high metal oxide surface area that 
forms a more intimate interface with the support. This may be considered analogous 
to the “bonding” type of MSI previously introduced in section 5.2, which subsequently 
exerts a greater effect upon the surface protons, manifesting as broadening of the 
spectral line. It is this effect, termed here as a “proton-metal oxide interaction”, that is 
observable via solid state NMR spectroscopy and is able to inform on the extent and 
nature of the MSI in the materials studied in this work. Coupling between the 
electronic and nuclear spins can enhance both the spin-lattice (T1) and spin-spin (T2) 
relaxation of the nucleus, often by several orders of magnitude. Under MAS, spin-spin 
relaxation is usually the principal cause of line broadening for a spin I = 1/2 nucleus.90 
In solids, in addition to the mechanism that yields “true” T2 relaxation, other 
interactions may contribute to the linewidth, including higher-order terms of the 
heteronuclear dipolar interaction which result in homogeneous broadening of spectral 
lines (in paramagnetic systems, there is also a contribution from interactions with 
electrons). As a result, a modified parameter, the time constant T2’, can be measured 
via a spin echo experiment featuring an incremented 𝜏 duration. In solids, it therefore 
follows that T2’ < T2.
91 Accordingly, 1H T2’ relaxation was measured for samples 
IW21, IW5 and COLL10 in series one. The values of T2’ are provided in Table 5.4. 
The 1H NMR spectrum of each sample has two components, one with a significantly 
faster T2’ than the other. It is believed that one type of H species is in close proximity 
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Figure 5.10. 1H-1H (9.4 T, 40 kHz MAS) SQ-DQ spectra of (a) IW5 and (b) COLL10. Both spectra were 
acquired using one block of BABA excitation/conversion. The solid grey line denotes the δDQ = 2δSQ 
autocorrelation diagonal. 
 
to Co oxide crystallites and is therefore more influenced by these paramagnetic 
centres. The other type of H environment is located further from these centres but, 
provided that an MSI exists in the material, they are still influenced by paramagnetism. 
Notably, in the material that appears to exhibit the greatest paramagnetic interaction 
(IW5), 1H T2’ values for both sites are noticeably shorter than for the other two 
samples. Additionally, in COLL10, 1H T2’ values are highest. Indeed, the site believed 
to be located further from the Co oxide particles in this material has a T2’ value over 
four times longer than for the same site on IW5, suggesting the absence of a proton-
metal oxide interaction. The colloidal route used to prepare COLL10 is known to 
generate crystalline Co3O4 particles with a nanocube morphology.
85,89 These well-
defined quantum dots,89 when combined with γ-Al2O3, likely form a co-mixture 
featuring self-contained Co3O4 units dispersed across the oxide surface. Such an 
arrangement lacks extensive “intimate contact” with the support material and therefore 
does not exhibit a MSI like that found in the catalysts prepared by incipient wetness 
impregnation. 
 
It was postulated above that at least one of the H-containing species present at the 
surface of the series one catalysts is likely to be adsorbed H2O. In order to verify this 





Figure 5.11. 27Al (9.4 T, 40 kHz MAS) DP NMR spectra overlaid of (a) series one catalysts and (b) γ-
Al2O3, IW5 and COLL10. Spectra have been normalised with respect to the Al(VI) resonance. 
 
BABA dipolar recoupling scheme92,93 described in Chapter 3. In Figure 5.10, spectra 
acquired using this sequence are shown for the model catalysts IW5 and COLL10, the 
samples showing the greatest and smallest extent of a proton-metal oxide interaction, 
respectively. In both cases, the spectra show a component, centered at 1H δSQ ≈ 5 ppm, 
on the autocorrelation diagonal. This indicates that the principal H species at the 
surface may indeed be bound H2O. It follows that this could be the case if the formation 
of hydroxyl groups is impeded by the deposition of Co oxide, either during synthesis 
or by the extensive surface of these metal oxide particles blocking available anchoring 
points. A similar observation was made by Mastikhin et al.,94 who studied samples of 
γ-Al2O3 impregnated with vanadium and molybdenum species. They found that the 
modification of γ-Al2O3 in this way greatly reduced the quantity of OH groups present 
in the materials. The 1H resonances observed in that study were attributed to OH 
species buried in cavity spaces or bound in a V-O-H or Mo-O-H arrangement. An 
analogous situation is not readily identifiable in the present work, likely due to the 
difference in morphology between Co3O4 and V/Mo species, i.e., Co3O4 exists in 
particle form rather than as an overlayer. The paramagnetic nature of Co3O4 may also 
preclude the detection of OH groups, as the signals from these species could be 
unobservable due to their proximity to the metal oxide particles. Such an observation 
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may be thought of as roughly analogous to the “bleaching” effect induced by 
paramagnetic polarising agents used in DNP NMR spectroscopy.95-97  
 
To ascertain the effect of Co oxide modification on the γ-Al2O3-based support 
structure, 27Al DP MAS NMR spectra of series one samples were acquired. Figure 
5.11(a) shows the results for all four model catalysts overlaid together, and normalised 
with respect to the Al(VI) resonance. It is observed that as the Co loading increases, 
the contribution from Al(IV) decreases slightly relative to that of Al(VI). This may be 
suggestive of a greater concentration of Co oxide particles facilitating binding with 
tetrahedral sites, which have been established earlier in this chapter to be less abundant 
on the surface of γ-Al2O3. This assertion is made with a degree of caution though, as 
both the size of Co oxide particles and the type of support do vary between these model 
catalysts. This hypothesis is explored more systematically for samples in series two, 
in the next subsection of this chapter. A degree of broadening of the spectral lineshape 
is observed for the 27Al NMR spectrum of IW5. This effect is relatively small however, 
indicating that only a small proportion of Al species are affected by the presence of 
paramagnetic Co3O4 species. As most of the alumina structure is found in the bulk, 
this supports the assertion that the MSI is chiefly a surface-level phenomenon, as 
indicated by the differing proton-metal oxide interactions observed from 1H NMR 
data. In Figure 5.11(b), the 27Al NMR spectra of colloidal and incipient wetness-based 
samples are compared with that of their support material, γ-Al2O3. Despite the addition 
of 10 wt% Co, no additional broadening of the spectral lineshape of COLL10 is 
evident. This seems to support the observation that “intimate contact” of Co oxide 
particles with the support is necessary to establish a MSI. As was indicated from 1H 
NMR above, this co-mixture of self-contained nanocubes appears to lack this feature. 
Interestingly, for the sample IW5, the Al(IV) resonance shows an increase (relative to 
that of Al(VI)) with respect to both COLL10 and the support material. It may be 
tentatively suggested that this can be viewed as a reduction in Al(VI) intensity, 
possibly indicating that at low loadings, small Co oxide crystallites are primarily 
located next to surface octahedral Al sites. 
 




Figure 5.12. (a) 1H (14.1 T, 20 kHz MAS) NMR spectra of γ-Al2O3 and series two catalysts overlaid. 
Intensities have been normalised with respect to the maximum point of the γ-Al2O3 lineshape. ♦ denotes 
background signal. (b) 27Al (9.4 T, 14 kHz MAS) short flip angle DP NMR spectra of the samples studied 
in (a). Spectra have been scaled with respect to the number of transients and the mass of sample 
contained within each 4 mm rotor. In both (a) and (b), * denotes a spinning sideband. 
 
The model catalysts in series two consist of materials prepared by incipient wetness 
methods86 with different cobalt loadings but the same crystallite size. This series was 
selected to attempt to ascertain the effect of varying the Co loading on materials 
comprised of small metal oxide crystallites. Full details of their preparation have been  
provided in Chapter 4. As for series one, the samples in series two are briefly 
summarised below as a reference aid. 
 
IWN020: Co3O4 supported on γ-Al2O3 (20 wt% Co). This material was prepared by 
incipient wetness methods.86 
 
IWN010: Co3O4 supported on γ-Al2O3 (10 wt% Co). This material was prepared by 
incipient wetness methods. 86 
 
IWN05: Co3O4 supported on γ-Al2O3 (5 wt% Co). This material was prepared by 
incipient wetness methods. 86 
 




Figure 5.12(a) shows 1H MAS NMR spectra of the second series of catalysts and γ-
Al2O3. The spectrum of starting material is characterised by a relatively sharp 
resonance at 1H δiso ≈ 4.5 ppm. The first addition of Co3O4 appears to establish the 
aforementioned “intimate contact” with the surface of γ-Al2O3. Preparation of a 
material with double the metal loading (10 wt%) results in the same level of proton-
metal oxide interaction as for a loading of 5 wt%, perhaps due to a degree of 
agglomeration33 occurring between metal oxide crystallites. It is only when a larger 
amount of Co oxide is impregnated that this interaction can be further extended. 
Addition of 20 wt% is sufficient to dramatically reduce the amount of protons present 
on the surface, in a manner analogous to the “titration” effect observed by Mastikhin 
et al.,94 which was described above for series one catalysts. The low concentration of 
surface H species is further evidenced by the appearance of features at 1H δiso ≈ 1 and 
7 ppm, which are likely to result from background from the probe, cap or rotor. Despite 
the application of the DEPTH sequence, designed to suppress background signals,98 it 
has been reported that residual peaks of this nature can be observed if the sample 
contains a sufficiently small quantity of protons.99 The identity of the spurious signals 
observed in series two catalysts was determined by acquiring an equivalent experiment 
using an empty 4 mm rotor. The spectrum that was obtained bore strong resemblance 
to that which was observed by Feng and Reimer.99 A broad manifold underlying the 
background spectrum is observed that stretches across to 1H δ ≈ −15 ppm, and it is 
thought that this results from adsorbed H2O. A 
1H MAS NMR spectrum of IWN020 
was acquired after vacuum drying (150 ºC for 5 h) and packing in inert (N2) 
atmosphere. It revealed the loss of this broad underlying feature, displaying only 
residual background signal. This confirms that at high Co loadings, adsorbed H2O is 
the predominant proton-containing species present in the material. In Figure 5.12(b), 
the 27Al DP NMR spectra of series two catalysts and γ-Al2O3 are presented. Spectra 
have been scaled with respect to the number of transients and the mass of sample 
contained within each rotor. A reduction in signal intensity in the 27Al spectra of the 
catalyst materials can be seen, and a similar trend in the broadening of the 1H spectral 
lineshapes can be observed. A similar phenomenon was previously reported by 






Figure 5.13. 27Al (14.1 T, 14 kHz MAS) z-filtered 3QMAS spectra of (a) γ-Al2O3, (b) IWN020, (c) 
IWN010 and (d) IWN05. A shearing transformation has been applied to all spectra. Resonances 
corresponding to Al(IV) and Al(VI) species are labelled. * denotes a spinning sideband. 
 
attributed the reduction in signal intensity in the zeolite mordenite to the resonance 
from octahedral Al being shifted by interactions with nearby paramagnetic Co oxide. 
Specifically, they surmised that the resonance became shifted by the hyperfine contact 
interaction, as well as being broadened by paramagnetic relaxation enhancement 
effects.100 In the present work, the 27Al data serves to reinforce the hypothesis that the 
presence of a MSI is related to the extent of Co oxide surface coverage. At 20 wt%
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Table 5.5. NMR parameters (and average quadrupolar product, <PQ> and average isotropic chemical 
shift, <δiso>) for the Al sites in γ-Al2O3, IWN020, 010 and 05, obtained from the z-filtered 3QMAS 
spectra in Figure 5.13. 
 
 
loading, the vast majority of the γ-Al2O3 is intimately contacted with Co oxide 
crystallites. Indeed, Caldarelli et al. suggest that the formation of Co-O bonds is highly 
likely for a sample prepared via wet impregnation.100  
 
To gain further insight into the interaction of Co with Al in the support material of 
series two catalysts, 27Al 3QMAS experiments were performed, and the corresponding 
spectra are shown in Figure 5.13. A reduction in intensity in of the Al(IV) resonance 
is observed as Co oxide is added to the alumina surface, generally proportional to the 
amount of Co oxide that has been loaded. A decrease in the average PQ of the Al(IV) 
site is also observed when Co oxide is added to the γ-Al2O3 support, although 
increasing the loading does not exert any further change in this value. The combination 
of these two observations serve to indicate that Al(IV) is the preferred binding site for 
small cobalt oxide crystallites, regardless of the quantity of Co3O4 that is impregnated. 
This is further supported by the fact that no significant change in the average PQ or δiso 
values of the Al(VI) site is observed. This second, somewhat counterintuitive 
observation, can be explained by the aforementioned “bleaching” effect, considering 
that at high loadings, more Al(VI) species are likely to be rendered unobservable by 
the increased likelihood of being in close proximity to paramagnetic Co3O4.
100 It 
therefore follows that as the Co loading increases, the average δiso value is more likely 
to correspond to those Al(VI) species that are still observable. It is probable that such 
sites can be found in the bulk of the support structure. 
 
Sample Al(IV) Al(VI) 
 <PQ> / MHz <δiso> (ppm) <PQ> / MHz <δiso> (ppm) 
γ-Al2O3 5.6 (2) 77 (2) 3.4 (2) 13 (2) 
IWN020 
 
3.6 (2) 75 (2) 4.0 (2) 14 (2) 
IWN010 3.4 (2) 76 (2) 3.8 (2) 13 (2) 





Figure 5.14. 1H-27Al (9.4 T, 14 kHz MAS, τCP = 0.8 ms) CP NMR spectra of series two catalyst 
materials. The mass of sample in each rotor and the number of transients in each experiment were the 
same for all samples. 
 
To explore further the effect of Co3O4 deposition on the surface environments of γ-
Al2O3, 
1H-27Al CP NMR experiments were performed on the series two catalysts, and 
Figure 5.14 shows the spectra that were obtained. It can be seen that as the Co loading 
is increased, the overall signal intensity decreases, consistent with a reduction in the 
amount of H species present on the alumina surface. Doubling of the Co loading also 
results in a shift of the Al(VI) δobs value by ~1 ppm towards higher frequency. This 
can be explained by a change in the local environment experienced by this type of Al, 
possibly via a change in δiso. As the Co loading is increased, surface Al(VI) species 
are more likely to be found in close proximity to Co oxide crystallites than, for 
example, OH groups, and therefore in a different local environment. The low intensity 
of the Al(IV) resonances for each material can be attributed to both the paramagnetic 
nature of the Co oxide particles, and the insensitivity of the experiment as a result of 
the reduction in the quantity of H species. Indeed, extensive signal averaging was 
required (each experiment was ~16 h in duration) to achieve the levels of sensitivity 






Figure 5.15. (a) 1H (14.1 T, 20 kHz MAS) NMR spectra of IWN020, γ-Al2O3 and IWN020:γ-Al2O3 
ground mixtures overlaid. Spectra have been normalised to give equal intensities at 4.7 ppm. The sharp 
peaks at 1H δiso ≈ 2 ppm are attributed to residual solvent.101 The sharp feature at 1H δiso ≈ 0 ppm in the 
spectra of IWN020 results from background signal.99 (b) 27Al (9.4 T, 14 kHz MAS) short flip angle DP 
NMR spectra of the same samples studied in (a). Spectra have been normalised with respect to the 
Al(VI) resonance. 
 
Table 5.6. 1H T1 values determined for IWN020, γ-Al2O3 and IWN020:γ-Al2O3 ground mixtures. RSS = 
residual sum of squares, which represents the amount of error remaining between the regression 
function and the dataset. 
 
Sample 1H T1 / ms RSS 
IWN020 6 2.1 × 10−4 
IWN020 75% (25% γ-Al2O3) 23 5.2 × 10
−2 
IWN020 50% (50% γ-Al2O3) 22 7.1 × 10
−2 
IWN020 25% (75% γ-Al2O3) 33 1.6 × 10
−2 
γ-Al2O3 90 1.8 × 10
−3 
 
It has been proposed that “intimate contact” between metal oxide crystallites and the 
support surface is key to the formation of a MSI. To more extensively verify this 
theory, aliquots of IWN020 (20 wt% Co) and γ-Al2O3 were ground together using a 
mortar and pestle, to create mixtures of the following proportions - 75:25 IWN020:γ-




MAS NMR spectra of these samples are shown overlaid. Upon mixing with as little as 
25% γ-Al2O3, the resonance attributed to adsorbed H2O narrows substantially from 
~23 kHz to ~5.6 kHz in width. Preparation of mixtures with increased amounts of γ-
Al2O3 does not seem to decrease the linewidth any further. This suggests that the action 
of grinding the catalyst together with a small amount of alumina is sufficient to disrupt 
the “intimate contact” that exists between Co oxide crystallites and surface proton 
species. In the absence of this feature, there is no longer a significant MSI present. 
This assertion is supported by the 1H T1 values obtained for these materials, via a 
saturation recovery sequence.102 The data reveal that the introduction of γ-Al2O3 
results in a significant lengthening of the spin-lattice relaxation time, suggesting that 
the proton-metal oxide interaction has been weakened. The fact that the mixed 
materials still display shorter T1 durations than γ-Al2O3 does indicate that some 
residual interaction does still take place. 27Al MAS NMR spectra in Figure 5.15(b) 
show no discernable change in linewidth between all samples, indicating that the MSI 
is chiefly a surface level phenomenon facilitated by “intimate contact” between metal 
oxide and support. 
 
5.5 Supported Metal Catalysts: CoAl2O4 Materials 
 
It was mentioned at the beginning of this chapter that the formation of Co aluminate-
like spinel structures can occur when small Co3O4 particles interact with the surface γ-
Al2O3. This “interaction phase” is problematic in F-T synthesis, as it is not catalytically 
active and so reduces catalyst performance in this reaction.38 However, CoAl2O4 have 
been shown to display properties such as high thermal stability103 and resistance to 
deactivation via compounds such as SO2.
104 These attributes make CoAl2O4 suitable 
for use as catalysts for automotive emissions control,105 oxidation of CO,104 CO2 
reforming of CH4
103 and non-oxidative dehydrogenation of propane.106  
  
To ascertain the effect of incorporating Co onto the surface and into bulk support 
structures, CoAl2O4-based catalyst materials were investigated using 
1H and 27Al 
solid-state NMR spectroscopy. MgAl2O4 was also studied in order to provide a 




Figure 5.16.  1H (9.4 T, 14 kHz MAS) NMR spectra of MgAl2O4 (blue), CoAl2O4 (red) and Co-CoAl2O4 
(green). Spectra have been scaled with respect to the centre of the MgAl2O4 resonace at 1H δiso ≈ 4.2 
ppm. Expansions of the upfield resonances in the spectrum of MgAl2O4 are also shown inset. ♦ denotes 
background signal. 
 
samples is briefly described below. 
 
CoAl2O4: Co-γ-Al2O3 (6 wt% Co) was heated at 1000 °C for 6 h in a muffle furnace 
to produce CoAl2O4. 
 
Co-CoAl2O4: this material was prepared by incipient wetness impregnation
86 of 
CoAl2O4, followed by calcination, to produce Co-CoAl2O4 (20 wt% Co). 
 
MgAl2O4 was obtained commercially. Phase identity was confirmed via PXRD (see 
Appendix E for additional details). 
 
Figure 5.16 shows the 1H MAS NMR spectra of the three spinel materials described 
above. The lineshape of MgAl2O4 features several resonances, the broadest of which, 
at 1H δiso ≈ 4.2 ppm, is assigned to adsorbed H2O on the surface of the material.
73-75 
The remaining contributions to the lineshape are in the upfield region of the spectrum. 
The signal at 1H δiso ≈ −0.4 ppm is attributed to isolated Al(IV)OH surface species,
70





Figure 5.17. (a) 27Al (9.4 T, 14 kHz MAS) short flip angle DP NMR spectra of MgAl2O4 (blue), CoAl2O4 
(red) and Co-CoAl2O4 (green). Spectra have been scaled with respect to the Al(VI) resonance. (b) 27Al 
(14.1 T, 14 kHz MAS (blue) and 20 kHz MAS (red and green)) DP NMR spectra of MgAl2O4 (blue), 
CoAl2O4 (red) and Co-CoAl2O4 (green). In both (a) and (b), * denotes a spinning sideband. 
 
as discussed in section 5.3 above. The resonances at 1H δiso ≈ 0.4 and 0.9 ppm are 
assigned to isolated MgOH107 and Al(VI)OH108 functional groups, respectively. The 
spectra of CoAl2O4 and Co-CoAl2O4 are both characterised by a broad resonance 
centred at 1H δiso ≈ 4.2 ppm. The CoAl2O4 lineshape also features a broad component 
located between 1H δ ≈ 0 and −15 ppm. This may correspond to surface OH protons 
in close proximity to Co oxide species, as it has been documented that the 1H/2H 
resonances in solid cobalt acetylacetonate become shifted to negative ppm values and 
extensively broadened as a result of H species being located close to paramagnetic Co 
oxide units.109 
 
The overlaid 27Al DP NMR spectra of the three spinel materials, acquired at 9.4 T, are 
presented in Figure 5.17(a). From this data, the presence of both Al(IV) and Al(VI) 
species in all three aluminates can be confirmed. Initially, such a finding would seem 
to be surprising, as the “ideal” spinel structure should only feature octahedral Al 
sites.24 However, it is quite common, in the case of MgAl2O4, for tetrahedral site 






   
 
 
Figure 5.18. 27Al (14. 1 T, 14 kHz MAS (a) and 20 kHz MAS (b and c)) z-filtered 3QMAS spectra of (a) 
MgAl2O4, (b) CoAl2O4 and (c) Co-CoAl2O4. A shearing transformation has been applied to all spectra. 
Resonances corresponding to Al(IV) and Al(VI) species are labelled. * denotes a spinning sideband. 
 
rise to Al(IV) species.110 This also seems to be the case for both CoAl2O4 and Co-
CoAl2O4, although their tetrahedral resonances show reduced intensity compared to 
those of MgAl2O4. It has been reported though, that the occupation of tetrahedral sites 
by Al in CoAl2O4 is disfavoured at low temperature and pressure, instead Al prefers to 
adopt predominantly Al(VI) arrangements.111 This finding is consistent with the 
results observed above, as well as prior work by Angeletti et al. that indicated that the  
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Table 5.7. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for the Al sites in MgAl2O4, CoAl2O4 and Co-CoAl2O4, obtained from the z-filtered 3QMAS 
spectra in Figure 5.18.  
 
 
majority of tetrahedral sites in CoAl2O4-type structures are occupied by Co
2+ ions.112 
A reduction in the intensity of the Al(IV) peak going from CoAl2O4 to Co-CoAl2O4,  
suggests that this may be the surface binding site for Co oxide crystallites, in line with 
the trend observed for series two catalysts in section 5.4.2 above. Figure 5.17(b) shows 
27Al DP NMR spectra of the aluminate materials acquired at a higher magnetic field 
strength of 14.1 T. Owing to the increased chemical shift dispersion and the reduction 
in second-order quadrupolar broadening, a splitting of the Al(VI) resonance can be 
observed, suggesting the presence of two types of octahedral Al species in both 
CoAl2O4 and Co-CoAl2O4, although it is not evident that this is the case for MgAl2O4. 
Additionally, the CoAl2O4 materials display markedly broader Al(IV) resonances 
when compared to MgAl2O4, indicative of distinctly different local environments, or 
because of paramagnetic broadening, in these two types of spinel structure. To further 
investigate these findings, 27Al 3QMAS experiments were performed at 14.1 T, and 
the spectra that were obtained are shown in Figure 5.18. They confirm that there are 
indeed two types of Al(VI) site present in CoAl2O4 and Co-CoAl2O4 as hypothesised, 
as well as in MgAl2O4 which although reported by other researchers previously,
110 was 
not readily apparent from the 1D NMR spectra obtained in this work. Table 5.7 gives 
the NMR parameters that were extracted from each of the 3QMAS spectra in Figure 
5.18 above. A relatively low average PQ value is observed for the Al(IV) site in 
MgAl2O4. This is consistent with the fact that tetrahedral vacancies become readily 
available in this material through cation rearrangement,110 and Al appears to readily
  
Sample Al(IV) Al(VI) 
 <PQ> / MHz <δiso> 
(ppm) 
<PQ> / MHz <δiso> (ppm) 
   (Site 1) (Site 2) (Site 1) (Site 2) 
MgAl2O4 2.5 (2) 71 (2) 3.4 (3) 
77.1 
2.7 (3) 12 (3) 16 (3) 
CoAl2O4 
 
6.6 (2) 81 (2) 3.2 (3) 2.3 (3) 11 (3) 16 (3) 





Figure 5.19. 1H-27Al (9.4 T, 14 kHz MAS, τCP = 0.8 ms) CP NMR spectra of MgAl2O4 (blue) and CoAl2O4 
(red).  
 
substitute into them, and experiences a relatively ordered local environment. By 
contrast, notably large average PQ values are seen for the Al(IV) sites in both CoAl2O4 
and Co-CoAl2O4. CoAl2O4 seems less prone to exhibiting tetrahedral site vacancies, 
and where they do exist, the Al that substitutes into these experiences a stronger 
quadrupolar interaction. 59Co, (spin I = 7/2) is the sole (100%) naturally-abundant 
stable isotope of cobalt and possesses a large quadrupole moment (42 Q/fm2). By 
contrast, 25Mg (spin I = 5/2) has a natural abundance of 10%. All other Mg isotopes 
are NMR inactive. The quadrupole moment of 25Mg (19.94 Q/fm2) is less than half 
that of 59Co.113 A tetrahedrally-coordinated Al with neighbouring Co units will 
therefore experience a substantially different local environment than one with 
neighbouring Mg units. This is further evidenced by the increase in the average δiso 
value by ~10 ppm going from a Mg-containing to Co-containing spinels. As seen from 
the spectra in Figure 5.18, there are two types of Al(VI) sites present in each of the 
three spinel materials. One of these sites exhibits a slightly larger average PQ value 
than the other across all three materials studied. This tentatively suggests that one 
Al(VI) site may be located closer to the surface of the spinel, but in a similar overall 
local environment to its smaller PQ counterpart. This is in reasonable agreement with 
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a previous study of MgAl2O4 by Kashii et al.,
110 who attributed the increased average 
PQ value of one of the octahedral Al sites to those species residing in a more distorted 
coordination environment. However, additional investigations are required in order to 
confirm this hypothesis. The average PQ values of both Al(VI) sites exhibit no increase 
going from a Mg-containing spinel to Co-containing ones though, indicating that this 
type of Al species is not likely to be located close to or be bonded with, Co sites in 
either of the two samples studied. 
 
To explore further the surface environments of the aluminate materials, 1H-27Al CP 
NMR experiments on MgAl2O4 and CoAl2O4 were performed. The experiment was 
also attempted on an aliquot of Co-CoAl2O4 and although successful, displayed a 
significantly reduced level of sensitivity when compared to the other two samples. 
This may be due in part to the low level of protons residing at the surface of this 
material. Figure 5.19 shows the NMR spectra that were obtained from these 
experiments on MgAl2O4 and CoAl2O4. They reveal that both Al(IV) and Al(VI) 
species are present near the surface of both spinel materials, with Al(VI) being the 
most predominant. A variation of 27Al δobs ≈ 5 ppm reflects two characteristically-
different surface Al(VI) species. One receives magnetisation from protons associated 
with adsorbed H2O, MgOH and AlOH environments. Magnetisation transfer to the 
other type of surface Al(VI) originates predominantly only from adsorbed H2O, 
although there may also be a contribution from AlOH species. A reduction in intensity 
of the Al(IV) resonance for both materials, compared to their 27Al DP NMR spectra, 
suggests that only some of these Al sites are located close to the surface. This is 
particularly evident for MgAl2O4, and indicates that the majority of Al(IV) species are 
found in the bulk of this particular material, a theory consistent with previously 




The work presented in this chapter has demonstrated that 1H and 27Al solid-state NMR 
spectroscopy is an effective and versatile tool for the characterisation of γ-Al2O3-based 
supported metal catalysts. CP and D-HMQC experiments applied on the γ-Al2O3 
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support have conclusively demonstrated the existence of Al(V) sites on the surface of 
this material. It has been shown that removal of adsorbed H2O may facilitate a 
rearrangement effect on the surface of γ-Al2O3 that promotes the generation of this 
type of Al species. Data obtained for Co-γ-Al2O3 model catalysts indicates that the 
MSI does exist in many of these systems, and is most prominent for materials 
containing small, well dispersed Co oxide crystallites. Incipient wetness impregnation-
based methods appear to promote the formation of a MSI to a far greater extent than 
colloidal approaches, which tend to favour the formation of co-mixtures that are 
composed of self-contained Co oxide “nanocubes”. Although the deposition of Co3O4 
onto the surface of γ-Al2O3 effectively removes OH functionality, the hygroscopic 
nature of the alumina allows the extent of the MSI to be visualised by observing the 
extent of the proton-metal oxide interaction, by 1H MAS NMR via the presence of 
adsorbed H2O. Therefore, in these materials, water can be said to be both adventitious 
and advantageous. Results obtained from 1H-27Al CP and 27Al z-filtered 3QMAS 
experiments indicate Al(IV) environments to be the preferential interfacial site for Co 
oxide crystallites on the surface of γ-Al2O3. It has also been shown that this may be 
the case for Co spinel aluminate materials. In addition, the surface chemistry of the 
diamagnetic analogue MgAl2O4 has also been investigated, with MgOH and AlOH 
environments identified. It has also been demonstrated that two types of Al(VI) species 
are present in MgAl2O4, CoAl2O4 and Co-CoAl2O4, one of which may be located 
closer to the surface of the spinels. These findings, whilst providing valuable insights 
into the surface/bulk chemistry of supported metal catalysts, also demonstrate the 
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Chapter 6. Exploring the Structures of Si- and Ti-Alumina 
Catalysts 
 
This chapter describes efforts to understand the structure of silicated alumina catalysts. 
It outlines the insight into the surface chemistry and interatomic interactions that has 
been gained using multinuclear (1H, 29Si, 27Al and 17O) solid-state NMR techniques. 
This includes the combined application of isotopic enrichment and DNP NMR 
spectroscopy to the study of model silicated alumina catalysts, which has facilitated 
the acquisition of conventional MAS and advanced 2D experiments. Two different 
approaches for silica grafting onto γ-Al2O3, “sequential grafting” and “single shot”, 
are compared by combining information obtained from solid-state NMR and X-ray 
photoelectron spectroscopies. By doing so, a window is provided into the growth 
morphology of silica on catalytically-relevant oxide materials. The application of 
multinuclear solid-state NMR spectroscopic approaches (1H, 27Al and 17O) for 
elucidating the structure of two types of titanium-modified catalysts are also described. 
Insights have been provided into the relationship between preparation route and 
catalyst structure, both in terms of the location of Ti species and the interfacial role of 
Al(V). 
 
6.1 Introduction to Silicated Alumina Catalysts 
 
Silicated aluminas are an important analogue of the catalytically-active aluminium 
oxide family. The modification of γ-Al2O3 with silica results in materials with high 
surface areas that possess Brønsted acidity, unlocking their potential for use in 
catalytic applications.1 These materials are commonly employed as solid acid catalysts 
and are an integral part of many key industrial processes, including fluid catalytic 
cracking, the conversion of syngas to dimethyl ether, ethanol dehydration and skeletal 
isomerisation.1-6 
 
The presence of both Si and Al at the surface generates the mild acidity that is essential 
to catalytic behaviour,1 but a full consensus on the detailed structure of these acidic 
environments has yet to be reached.2-4 Understanding the catalytic behaviour of these 
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functionalised materials requires a molecular level description of the reactive surface, 
which is far from trivial. The difficulty lies partly in the diverse range of possible 
surface structures and in their typically amorphous character. For example, the 
catalytic surface does not exhibit sufficient long-range order to allow for structure 
determination via diffraction-based methods.7 Vibrational spectroscopy can provide 
information on the presence of various structural motifs, using molecular probes, but 
the spectra obtained are often highly complex, leading to difficult and 
subjective/uncertain data interpretation.8 As a result, the connectivity between Si and 
Al species is not easily assessed using this approach. 
 
6.2 DNP NMR and Isotopic Enrichment: A Combined Spectroscopic Approach 
 
Solid-state NMR spectroscopy is ideally suited to investigating the local environment 
of Si and Al in silicated aluminas, having no requirement for long-range order and 
being sensitive to small changes in local chemical environments.9-11 However, this 
technique suffers from inherently low sensitivity (particularly for 29Si, which has a 
natural abundance of 4.7%). The resulting long acquisition times, for low levels of Si 
incorporation present additional challenges, particularly for the implementation of 
more complex multinuclear and multidimensional experiments.12 Furthermore, it can 
be difficult to distinguish signals of the bulk from those of the surface, where reaction 
chemistry occurs. For example, the suitability of conventional 27Al solid-state NMR 
spectroscopy is debatable for the characterisation of transition aluminas since most of 
the detectable signal reflects coordination geometries of the bulk rather than the nature 
of the surface that is responsible for catalytic reaction chemistry.13 
 
Recent years have seen an improvement in the sensitivity of NMR experiments 
facilitated by the use of DNP. As outlined in Chapters 2 and 3, DNP can, owing to the 
high signal enhancements available, aid in overcoming the inherently poor sensitivity 
of many NMR experiments and is being applied increasingly to probe the detailed 
surface structure of a diverse range of materials.14-16 It has previously been mentioned 
that DNP enhancements are described by the DNP enhancement factor, ε. This is 




Figure 6.1. Schematic illustration of the procedure used to prepare the silicated alumina materials 
studied in this work. 
 
microwave irradiation and is dependent on temperature, microwave power, 
concentration of the exogenous radical source and the extent of surface wetting.14,15 
However, the intensity of the signals observed in a DNP experiment also depends on 
the efficiency of the CP transfer, which is dependent on the local 1H density. For 
example, resonances resulting from lower-order Qn Si centres (where Qn denotes a 
species of structure Si(OR)n(OH)4–n, where R = Si or Al), which possess a high local 
proton density, may appear with higher signal intensity than species where n is higher 
order. Such effects have been previously demonstrated by Lelli et al. who investigated 
phenol-functionalised silica surfaces.17 These researchers showed that at very short τCP 
values only 29Si resonances from species in close proximity to 1H were enhanced, 
whereas signal intensity associated with Qn sites that were more remote from 1H 
increased only at longer τCP values. Although this variation may restrict CP, and 
therefore DNP, to providing a more qualitative, rather than quantitative, description of 
surface structure, it also provides important information on the atomic-scale 
environment around each species. Ideally, the spectra edited based on spatial proximity 
should be compared to more quantitative spectra (i.e., from conventional experiments 
that do not rely on any polarisation transfer and have sufficiently long recycle intervals 
to account for any differences in relative relaxation). The low Si content of silicated 
alumina surfaces makes this somewhat of a challenge, negating some or all of the time 
saving originally achieved by using DNP. One solution is to use isotopic enrichment, 
to improve the sensitivity of the conventional NMR experiment to such an extent that 
spectra can be acquired on a reasonable timescale, and spectral lineshapes can be 
compared to those acquired using CP/DNP. Enrichment also has a positive outcome 
for the sensitivity of both heteronuclear, and homonuclear, 2D correlation NMR 
experiments, made possible using DNP, but ultimately limited by the low natural 




Figure 6.2. 29Si and 1H-29Si (9.4 T, 10-14 kHz MAS) NMR spectra of 99% 29Si-enriched Si-γ-Al2O3 (1.5 
wt% Si), acquired using DP (black), CP (red) and DNP (blue). Spectra are shown (a) stacked and (b) 
overlaid. DP and CP spectra were acquired at room temperature on samples that had no radical added. 
The DNP spectrum was performed at 100 K. For CP and DNP spectra, τCP = 3 ms. In (b), spectral 
intensities have been normalised with respect to the centre of the lineshape in the DP NMR spectrum. 
For the DNP NMR spectrum, ε 29Si CP = ~92. 
 
6.3 Silicated Alumina Model Catalysts: Si-γ-Al2O3 (1.5 wt% Si) 
 
For this study, silicated alumina model catalysts containing 1.5 wt% Si were prepared 
by modification of γ-Al2O3 in the manner described in Chapter 4. 
29Si-enriched and 
non-enriched (natural abundance) versions of the material were prepared using either 
99% 29Si-enriched or conventional TEOS precursor, respectively. The preparation 
procedure is schematically illustrated in Figure 6.1. 
 
Figure 6.2 shows 29Si MAS NMR spectra of 99% 29Si enriched Si-γ-Al2O3 (1.5 wt% 
Si), acquired via DP, CP and DNP. DP and CP experiments were all carried out at 
room temperature (298 K) on samples that did not have any radical added, while DNP 
experiments were carried out at low temperature (100 K). Given the inherently non- 
141 
 
Figure 6.3. 1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of 99% 29Si-enriched Si- γ-Al2O3 (1.5 wt% 
Si) overlaid, acquired using τCP values between 0.1 and 10 ms. Spectral intensities have been normalised 
with respect to the centre of the lineshape. 
 
quantitative nature of CP and the additional surface sensitivity of DNP, the spectral 
lineshapes are remarkably similar, as shown in Figure 6.2(b), where the lineshapes are 
overlaid. The DP and CP spectra exhibit better resolution than the DNP spectrum, as 
a result either of increased relaxation arising from the presence of the radical or, more 
likely, owing to the lower temperature at which the experiments were performed. 
Despite the much greater sensitivity of the DNP spectrum, it is not possible to 
decompose the lineshape unambiguously into individual components. In contrast, four 
distinct environments can be discerned in the DP and CP NMR spectra. These consist 
of three sharp components at high frequency and a lower intensity, broader resonance 
at lower frequency.  
 
Figure 6.3 shows the variation in the CP MAS NMR spectrum as a function of τCP. In 
contrast to the materials studied by Lelli et al.,17 there are only very small differences 
observed in the spectral lineshape as τCP increases. It is not clear if this result suggests 
that no Q4 species are present (i.e., all Si are connected to at least one OH group), but 
is certainly possible at the low Si doping level (1.5 wt% Si) in the material studied 
here.18,19 In general, a systematic shift in resonance position (of approximately −10 
ppm) is expected as the number of coordinated bridging O species increases, typically 




Figure 6.4. 1H (9.4 T, 14 kHz MAS) NMR spectra of (a) hydrated and (b) dehydrated 29Si-enriched Si-
γ-Al2O3 (1.5 wt% Si). Relatively mild conditions were used for treatment to avoid surface 
dehydroxylation. 
 
this picture becomes more complex when considering the substitution of Si for Al (as 
in aluminosilicates), with an additional shift to higher frequency of 5 to 8 ppm per next 
nearest neighbor Al being observed.21 As a result, it is difficult to unambiguously 
confirm whether Q4 species are present in the spectra of Si-γ-Al2O3 simply of the basis 
of δ, although the observed signal extends over the region where these species are 
expected, even when considering the maximum possible substitution of Si for Al.  
 
The features observed in the DP and CP spectral lineshapes in Figure 6.2 suggest the 
presence of differing Qn species, making it even more noteworthy that very little 
variation in the spectral lineshape is observed between the two experiments and/or as 
a function of τCP. If Q
4 species are present, then it is clear from Figure 6.3 that the CP 
polarisation transfer remains equally efficient for all species, irrespective of the 
number of hydroxyl groups attached. However, it is possible that the presence of 
adventitious surface H2O, previously encountered in Chapter 5, known to form 
extensive and strong H-bonding with silanols,22-24 could affect the spectral intensities 
observed. To determine if adventitious H2O plays a role in the CP dynamics, the 
29Si 
enriched Si-γ-Al2O3 material was dehydrated in vacuo at 150 °C and packed into a 
ZrO2 rotor in a glovebox. Relatively mild conditions were used for dehydration to 





Figure 6.5. (a) Comparison of 1H-29Si (9.4 T, 10 kHz MAS, τCP = 3 ms) CP NMR spectra of hydrated 
(black) and dehydrated (red) 99% 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si). Spectral intensities have been 
normalised with respect to the centre of the lineshape in the spectrum of the hydrated material. (b) 29Si 
(9.4 T, 10-14 kHz MAS) NMR spectra of dehydrated 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si), acquired 
directly (blue) and using CP (red). Spectral intensities have been normalised with respect to the centre 




Figure 6.6. 29Si (9.4 T, 14 kHz MAS) DP NMR spectra of hydrated (blue) and dehydrated (red) 29Si-
enriched Si-γ-Al2O3 (1.5 wt% Si). Spectral intensities have been normalised with respect to the centre 






Figure 6.7. 1H-29Si (9.4 T, 10 kHz MAS, τCP = 0.5 or 3 ms) CP HETCOR NMR spectra of 29Si-enriched 
Si-γ-Al2O3 (1.5 wt% Si), demonstrating the effect of (a) the hydration level of the sample and (b) τCP on 
the dehydrated material. 
 
MAS NMR, as seen in Figure 6.4, where spectra of as-made (i.e., hydrated) and 
dehydrated Si-γ-Al2O3 are compared. They reveal a significant decrease in the 
intensity of the resonance attributed to H2O (although not a complete removal of this 
signal), but retention of surface OH groups. Figure 6.5(a) compares the 29Si CP MAS 
spectra of hydrated and dehydrated Si-γ-Al2O3 and reveals a change in the relative 
intensities of the spectral components, with an increase in signal intensity of the peak 
at δ = −78 ppm, confirming the higher density of OH groups. This change is noticeable, 
but small, perhaps reflecting the retention of some water. The DP and CP spectra of 
dehydrated Si-γ-Al2O3 are similar, as shown in Figure 6.5(b), with a relative increase 
in the intensity of the signal at higher δ in the CP spectrum. Importantly, the DP NMR 
spectrum, displayed in Figure 6.6, remains largely unaffected by dehydration, an 
indication that surface structure has remained intact following treatment at an elevated 
temperature. It is evident that the H-bonded H2O forms a sufficiently dense 
1H network 
at the silica surface, mediating efficient polarisation transfer to all Si species regardless 








Figure 6.8. 29Si (9.4 T, 12.5 kHz MAS) refocused CP INADEQUATE DNP NMR spectra of                     
29Si-enriched Si-γ-Al2O3 (1.5 wt% Si), acquired using J values of (a) 3.2 ms, (b) 6.4 ms, (c) 9.6 ms and 
(d) 16 ms. The solid grey line in each spectrum denotes the δDQ = 2δSQ autocorrelation diagonal. 
 
Figure 6.7(a) compares 1H-29Si CP HETCOR NMR spectra of hydrated and 
dehydrated Si-γ-Al2O3 materials, and reveals distinct differences in the extent of 
correlation between 29Si and 1H upon the removal of H2O. When dehydrated, higher- 
order Qn species no longer correlate with surface protons because, in the absence of 
surface water, the 29Si spectrum is influenced more significantly by local proton (OH) 
density. It is clear from Figure 6.7(b) that dehydration also results in a more significant 





Figure 6.9. Overlay of 2 projections of two-dimensional refocused INADEQUATE DNP NMR spectra, 
shown in Figure 6.8, as a function of J. The 1H-29Si CP DNP NMR spectrum is also shown for 
comparison (CP = 3 ms) (orange). 
 
to all Si species are observed, but intensity is lost from the region between −85 and 
−100 ppm as τCP is reduced. Therefore, it can be concluded that Q
4 species are indeed 
present at the silicated surface and, importantly, that the extent of signal amplification 
remains constant, irrespective of local hydroxyl density, by adventitious adsorbed H2O 
when the sample is hydrated (or left under ambient conditions). Thus, perhaps 
unexpectedly, if sufficiently hydrated, DNP NMR spectra of such materials may be 
interpreted quantitatively and an accurate description of structure-function 
relationships can be obtained. 
 
The combination of 29Si isotopic enrichment and DNP NMR spectroscopy results in a 
significant signal enhancement that provides access to 2D experiments that may 
otherwise require prohibitively long acquisition times. Correlations exploiting 
through-bond J couplings can be valuable sources of structural information. As 
outlined in Chapter 3, the refocused INADEQUATE experiment25 can be employed to 
investigate through-bond connectivity in materials. Variation of the J evolution time, 
J, within the experiment enables the observation of signals exhibiting a range of scalar 
coupling strengths, with those possessing weaker couplings requiring longer J to be 





Figure 6.10. 29Si-27Al (9.4 T, 10 kHz MAS) dipolar CP INEPT DNP NMR spectrum of hydrated 29Si-
enriched Si-γ-Al2O3 (1.5 wt% Si). 
 
 
Figure 6.11. 27Al (14 kHz MAS) spectra of 99% 29Si-enriched Si--Al2O3 (1.5 wt% Si), acquired at (a, 





Figure 6.12. 29Si-27Al (9.4 T, 10 kHz MAS) scalar CP INEPT DNP NMR spectrum of hydrated 29Si-
enriched Si-γ-Al2O3 (1.5 wt% Si). 
 
hydrated Si-γ-Al2O3 (1.5 wt% Si). Despite the low Si content, the use of 
29Si isotopic 
enrichment combined with DNP facilitated spectral acquisition on a reasonable 
timescale (~4 h for one experiment). Signal is observed between –80 and –100 ppm, 
suggesting that only higher-order Qn species are connected to Si, i.e., the three sharper 
peaks at more positive shift result from isolated Qn(nAl) species. Signal is observed 
over a range of ~20 ppm in 1, possibly indicating that this results from more than one 
chemical species, e.g., Q3 and Q4 species. However, the correlation peak lies primarily 
along the 1 = 22 diagonal in the two-dimensional spectrum, confirming that Si 
species are only covalently connected to those with very similar shift and, hence, very 
similar environments. This would suggest the signal probably arises from only Q4/Q4 
or Q3/Q3 correlations (rather than, for example, Q4/Q3), and the loss of this signal at 
longer CP in the 
1H-29Si HETCOR spectrum in Figure 6.7(b) supports a more likely 
assignment of Q4/Q4 species for this peak. Spectra acquired with additional, longer J 
values, shown in Figure 6.8(b)-(d), also show only autocorrelation signal. Figure 6.9 
shows projections of the spectra onto the 2 axis, demonstrating that signal shifts to 
higher  as J increases, indicating a positive correlation between 
29Si nuclear shielding 
and the homonuclear J coupling, an observation that has been found for other 





To provide a better understanding of the interfacial chemistry between the Si surface 
overlayer and the γ-Al2O3 structure upon which it resides, 
29Si-27Al refocused INEPT 
experiments28,29 were performed, with DNP being used to provide an improvement in 
sensitivity. As explained in Chapter 3, this experiment can probe scalar (through-bond) 
connectivity, or can be adapted in the solid state to actively recouple the dipolar 
interaction and provide information on through-space proximities. Both forms of this 
experiment have been used previously for the study of aluminosilicate materials.30  
 
Figure 6.10 shows the 29Si-27Al dipolar INEPT DNP NMR spectrum of hydrated Si-γ-
Al2O3, acquired using REDOR to recouple the dipolar interaction.
31 This reveals that 
Si is close in space to four-, five and six-coordinate Al (i.e., Al(IV), Al(V) and Al(VI)). 
As Si is present only as a surface overlayer, the spectrum contains only Al species that 
are close to the surface. As described in Chapter 5, the 27Al spectrum of bulk -Al2O3 
contains signals that can be attributed to Al(IV) and Al(VI) species only.32-33 However, 
the surface of -Al2O3 has been shown to contain Al(V) species. These can be seen 
using CP, where magnetisation is transferred from surface-based 1H species, resulting 
in additional signal at 27Al   35 ppm. DNP NMR experiments have also 
demonstrated the presence of Al(V) at the surface of -Al2O3.
 As discussed in Chapter 
5, Lee et al. demonstrated that Al(V) resides only in the first surface layer, using a 
filtration experiment, where signals close to the surface dephase owing to their 
stronger dipolar couplings to 1H.34 The 27Al DP NMR spectra of Si-γ-Al2O3, shown in 
Figure 6.11, reveal a similar picture, with resonances corresponding to Al(IV) and 
Al(VI) in the bulk material, while the CP spectrum also shows the presence of Al(V) 
at the surface, in agreement with recent work probing the nature of Brønsted acid 
sites.36 Although Al(V) species are found at the surface of unmodified γ-Al2O3, it has 
been suggested that additional Al(V) is formed at the interface between Si and 
alumina, with the proportion of this species varying with the Si content.  
 
Through-bond connectivity can be probed using the scalar 29Si-27Al INEPT DNP NMR 
experiment. The spectrum is shown in Figure 6.12. In contrast to the spectrum in 





Figure 6.13. (a) 29Si (9.4 T, 14 kHz MAS) experimental (blue) and simulated (red) NMR spectra of 
hydrated 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si). Also shown are the individual components of the fit 
(green). (b) Simplified structural representations of the species assigned to each of the components 
shown in (a). 
 
Table 6.1. 29Si chemical shifts (iso), relative intensities and assignments for the contributions to the 29Si 
MAS NMR spectrum of 99% 29Si-enriched Si--Al2O3 (1.5 wt% Si) shown in Figure 6.13(a). 
 
Component iso (ppm) Relative Intensity (%) Assignment 
1 –77 (1) 22 (2) Q1(1Al) 
2 –80 (1) 14 (3) Q2(2Al) 
3 –83 (1) 34 (2) Q3(3Al) / Q4(4Al) 
4 –89 (2) 30 (2) Q4(3Al) 
 
points. Therefore, only a spatial proximity to Al(VI) exists. It is also interesting to note 
from Figure 6.10 that Al(IV)/Al(V) species show the strongest through-space 
correlation with Si signal near –84 ppm, while Al(VI) species are more strongly 
correlated with signal at higher  (i.e., lower-order Qn species), suggesting these are 
more frequently found near the surface. 
 
Extracting quantitative information from the broadened 29Si resonance observed using 
DNP NMR is not a trivial undertaking. The conventional 29Si DP NMR spectrum of 
the 29Si-enriched material exhibits better resolution and, when combined with the 
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information obtained from CP spectra, and particularly from the projection of the 
single-quantum dimension of the INADEQUATE spectra, a more robust 
deconvolution is possible, as shown in Figure 6.13, with parameters given in Table 
6.1. Sharp components can be identified at –77, –80 and –83 ppm (where constraints 
on the positions and lineshapes were determined using variable contact time CP 
experiments), with a broader component at ca. –89 ppm. The position and lineshape 
of the latter is determined from the INADEQUATE spectra. By reference to the 
assignments of Lippmaa et al.21 the three sharp signals can be assigned as Q1(1Al) 
(resonance 1), Q2(2Al) (resonance 2) and Q3(3Al)/Q4(4Al) (resonance 3) species. The 
opposing shifts that are induced by increased condensation of Si-O tetrahedra and 
substitution of Si with Al lead to an inevitable overlap of resonance frequencies for 
some species. Accordingly, it is difficult to discriminate between Q3(3Al) and Q4(4Al) 
based on chemical shift alone, and it is possible that both species contribute to the 
signal at −83 ppm. However, the presence of signal at –83 ppm in the 1H-29Si 
HETCOR spectrum in Figure 6.7(b) at short CP values suggests a significant 
contribution to the intensity at this point must arise from Q3(3Al) Si units. The 
projection of the 29Si INADEQUATE spectrum in Figure 6.9 confirms that the 
component at –89 ppm contains primarily Si species within Si-O-Si linkages. As 
discussed above, the observation along the autocorrelation diagonal, and the loss of 
this signal in the 1H- 29Si HETCOR spectrum, suggests it results principally from 
interconnected Q4(3Al) species, i.e., (OAl)3Si-O-Si(OAl)3 linkages at this level of 
silica loading.  
 
At first sight, it may seem unusual that the NMR experiments suggest that most Q4 Si 
species are linked to a second Si centre. The low loading of Si in these samples ensures 
that most Si species are bonded only to Al (i.e., Q1(1Al), Q2(2Al) and Q3(3Al)). As Si 
forms a surface layer on the alumina it is less likely that it embeds to make four bonds 
to the surface Al, and that Q4 Si species form (primarily, but not exclusively) when 
they are able to bond to a second Si unit on the surface.36,37 As shown in Table 6.1 
(and illustrated schematically in Figure 6.13(b)), from the spectrum in Figure 6.13(a) 
it has been determined Q1(1Al) ≈ 22%; Q2(2Al) ≈ 14%; Q3(3Al)/Q4(4Al) ≈ 34% and 
Q4(3Al) ≈ 30%, suggesting that almost a third of the Si at the surface is connected to 
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another Si species, even at the low level of coverage used. It should be noted that 
although the recycle interval used for the 29Si DP MAS spectrum was 120 s, the T1 
value was estimated to be on the order of ~1.5 h, making acquisition of a truly 
quantitative spectrum practically unfeasible. Although this may result in some 
uncertainty in the exact proportion of each species present, little difference was 
observed in the relative relaxation of the different Si species at shorter recycle 
intervals. Deconvolution of the 29Si spectrum and assignment of the contributions of 
the component resonances would have been almost impossible using conventional 
NMR spectroscopy, and difficult by either DNP (owing to the lower resolution) or 
isotopic enrichment (owing to the lower sensitivity) alone. 
 
6.4 Silica Growth on γ-Al2O3: “Sequential Grafting” and “Single Shot” 
Approaches 
 
It was mentioned at the beginning of this Chapter that silicated aluminas play an 
important role in many industrial processes. The diverse range of reactions that this 
class of material catalyses requires that the structure be readily tunable, in order to 
obtain the composition required for a given application. For example, it has been found 
that in skeletal isomerisation reactions, materials with low silica loadings, such as the 
material studied above, are most the efficient.38 In other processes however, such as 
the synthesis of dimethyl ether from methanol39 and hydrocracking of F-T waxes,40 
higher silica loadings result in better catalytic performance. 
 
To create structures with increasing silica loading levels in a consistent and reliable 
manner, it is desirable to be able to utilise a preparation method that offers controlled 
building up of the surface overlayer. One such approach is the sequential grafting 
method employed by van Bokhoven and co-workers.30,41,42 Here, structures are built 
up in a sequential manner by depositing a known volume of Si precursor (e.g., TEOS) 
onto the preceding silicated alumina, followed by drying/calcination steps. In this way, 
stepwise growth may be achieved whilst control of the loading level is maintained.  
 




Figure 6.14. (a) 1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si) 
and Si-γ-Al2O3 materials prepared by a sequential grafting approach (2.8, 3.5 and 5.2 wt% Si, 
respectively). (b) 1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of Si-γ-Al2O3 2nd graft (2.8 wt% Si) 
and 29Si-enriched Si--Al2O3 (~8 wt% Si) prepared by a “single shot” approach. For all spectra, CP = 
3 ms. Spectral intensities have been normalised. 
to track the growth morphology of Si on the alumina surface as additional Si is loaded 
onto the material. Accordingly, in this work, Si-γ-Al2O3 materials containing 2.8, 3.5 
and 5.2 wt% Si were prepared by sequential grafting, in a manner similar to that 
described above. Si-γ-Al2O3 containing 1.5 wt% Si was also included in this study as 
the first silica graft material. The 29Si-enriched version of this material (hereafter 
referred to as “1st graft”, including quotation marks) previously studied in Section 6.3, 
was prepared on a laboratory scale, whereas the natural abundance version, studied in 
the present section, was obtained commercially. The latter material was used as the 
base from which subsequent grafts were created. The differences between these 
samples are discussed in more detail later in this section. To ascertain how the growth 
morphology is influenced by the preparation route, a Si-γ-Al2O3 with high silica 
loading (nominally 8 wt% Si) was prepared by a “single shot” approach using 99% 
29Si-enriched TEOS deposited on γ-Al2O3 in a single grafting step. The aim of 
producing this sample was to attempt to determine whether the same structural 
environments could be created on the surface of γ-Al2O3, in one step versus four steps. 
 
Figure 6.14(a) shows 1H-29Si CP NMR spectra of the Si-γ-Al2O3 materials prepared 




Figure 6.15. 29Si (9.4 T, 14 kHz MAS) DP NMR (blue) and 1H-29Si (9.4 T, 10 kHz MAS, CP = 3 ms) CP 
NMR (red) spectra of (a) 2nd, (b) 3rd and (c) 4th graft Si--Al2O3 materials. Spectral intensities have 
been normalised. 
 
Figure 6.16. 29Si (9.4 T, 14 kHz MAS) DP NMR and 1H-29Si (9.4 T, 10 kHz MAS, CP = 0.5-10 ms) CP 




Si-γ-Al2O3 (1.5 wt% Si). The spectra clearly demonstrate a systematic evolution in the 
Si environments with each additional grafting step. A shift in each lineshape towards 
more negative  indicates the formation of increasing amounts of higher-order Qn 
species as the amount of silica is increased. This suggests that the reaction of TEOS 
with the oxide surface takes place primarily at hydroxyl group sites. In the spectrum 
of the 4th graft material, a significant reduction in the intensity of the region of the 
spectrum associated with Q1(1Al) and Q2(2Al) species is observed. It leads to the 
conclusion that by this stage, the majority of aluminol species have been consumed, 
leaving only silanols as suitable reaction points for additional deposited TEOS 
molecules. Given that the “single shot” preparation of Si-γ-Al2O3 was designed to 
deposit a high loading of silica precursor onto the γ-Al2O3 (~8 wt% Si), it may be 
expected that the 1H-29Si CP NMR spectrum would continue the trend observed for 
the sequential grafting samples. However, the data obtained reveals that this is in fact 
not the case. Figure 6.14(b) shows an overlay of the spectra of the 2nd graft material 
(2.8 wt% Si) and the high loading sample. It reveals that the two CP NMR spectra of 
these samples are remarkably similar, a surprising observation given their different 
preparation routes. It would appear that, based upon this initial evidence, that the 
“single shot” approach is able to generate well dispersed surface silica units. 
Significant lineshape intensity in the –90 ppm region of the spectrum indicates that 
extensive bridging Si-O-Si formation has also occurred, potentially of the type 
observed to be present in Si-γ-Al2O3 (1.5 wt% Si). 
 
Considering the findings in Section 6.3, it was necessary to verify the extent to which 
the 1H-29Si CP NMR experiment could provide a complete description of the Si 
environments present in the multi grafted and high loading samples. Accordingly, 29Si 
DP NMR experiments were performed on these materials. Despite the inherently low 
natural abundance of 29Si present in these samples, extended signal averaging yielded 
spectra with a reasonable level of sensitivity. Figure 6.15 shows these spectra overlaid 
with CP NMR spectra for the 2nd, 3rd and 4th graft samples. The comparison 
demonstrates that the CP spectra (at least for CP = 3 ms) show all Si environments 
present in the materials prepared by a multi-grafting approach. This suggests that all 
Si species are reasonably close to H species, either in the form of OH groups or 
156 
 
adventitious water, and precludes the formation of amorphous silica structures even 
after four grafting cycles. The same comparison between DP and CP NMR spectra 
may also be made for the “single shot” silicated alumina. This material was prepared 
with 99% 29Si-enriched TEOS, allowing for the acquisition of multiple contact time 
CP spectra in approximately the same timeframe as one CP experiment at natural 
abundance. The 29Si DP NMR experiment was also able to be performed in a 
reasonable time and exhibits good sensitivity. The resulting spectra are shown in 
Figure 6.16. The CP spectra show little variation in the lineshape, much like the spectra 
of Si-γ-Al2O3 (1.5 wt% Si) presented in Figure 6.3, suggesting that as before, 
adventitious surface water mediates efficient polarisation transfer for all CP contact 
times. However, unlike for Si-γ-Al2O3 (1.5 wt% Si), there is a discernible difference 
observed when comparing the 29Si CP and DP spectra of the “single shot” silicated 
alumina. The CP spectra consistently “under represent” the full lineshape observable 
in the DP NMR experiment, in the region located at 29Si  ≈ −100 ppm. The chemical 
shift value,9,24 in combination with the fact that the CP experiment does not detect this 
signal, indicates that this region corresponds to an amorphous silica-like “ball” 
structure that is proton deficient. The increased signal intensity in the CP spectra 
between −75 and −80 ppm suggests that proton rich lower-order Qn species are present 
on the surface of this material, as indicated from the overlay with the 2nd graft sample 
in Figure 6.14(b). These findings point towards only a portion of the “single shot” 
silicated alumina being comprised of an amorphous “ball-like” component. The 
remainder of the surface structure is likely to be composed of previously observed 
aluminosilicate Qn species. 
 
Combining the findings obtained from solid-state NMR spectroscopy with additional 
analytical techniques has been shown to be a valuable approach to materials 
characterisation.37,43-49 In this work, the silicated alumina materials presented above 
were also analysed by X-ray photoelectron spectroscopy (XPS). XPS experiments are 
carried out by exposing a solid sample to an X-ray beam, and measuring the kinetic 
energy and number of electrons that escape from atoms on the material’s surface 
(typically down to a depth of 10 nm). A spectrum is obtained of intensity against 






Figure 6.17. Plot of silica loading (wt% Si) versus Si:Al peak area ratios in sequentially-grafted and 




Figure 6.18. Schematic diagrams showing the different silica growth modes taking place on γ-Al2O3. 
(a) 2D island growth that occurs at low loading levels, (b) 3D island “stacking” that forms after several 
grafting cycles, and (c) a mixed growth morphology consisting of 2D islands accompanied by the 
formation of amorphous SiO2 “ball” structures.  
 
result from atoms emitting electrons of characteristic energies, which depend on the 
element and surface environment.50,51 XPS has been extensively used to characterise 
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the surface environments in aluminosilicate materials,51-63 owing to its ability to 
provide information on elemental composition, oxidation state and phase 
dispersion.50,51 Of particular use for aluminosilicates, is that the surface Si:Al ratio of 
a sample can be determined by fitting the relevant peaks in the XPS spectrum with 
Gaussian-Lorentzian components, after appropriate background correction.61,62  
 
Figure 6.17 shows Si:Al peak ratios, determined via XPS, plotted against the nominal 
silica loading level of sequentially-grafted and “single shot” silicated alumina 
materials. Initially, it may be expected that a linear relationship between silica loading 
and Si:Al ratio will be followed. This reflects a situation where the implementation of 
additional grafting cycles results in the creation of a 2D monolayer-like structure on 
the γ-Al2O3 surface, i.e., as additional Si species are formed, they fill in the spaces 
between the Si units already present. However, by the 3rd silica graft, a deviation away 
from this behaviour is seen, which becomes more pronounced as one further graft is 
applied. By this point, a significantly higher Si:Al ratio is observed than would be 
expected for a monolayer-type overlayer, and it may be surmised that 3D “stacking” 
of Si islands occurs with additional of grafting cycles. 29Si solid-state NMR 
spectroscopy has already shown in this work that amorphous SiO2-like structures are 
unlikely to be formed in the multi-grafted materials, lending further support for this 
theory. XPS analysis was also performed on the “single shot” (8 wt% Si) silicated 
alumina sample. It shows that despite its high silica loading, the Si:Al ratio is 
remarkably low, lying outside both the monolayer and island growth trends already 
discussed. This result supports the proposal from 29Si solid-state NMR spectroscopy, 
where the formation of SiO2-like “balls” was suggested. The underestimation of the 
“true” Si:Al ratio is possible if such dense silica structures are present on the surface 
of γ-Al2O3, preventing the excitation of photoelectrons by the X-ray beam, from the 
inner core of these species. Two different silica growth morphologies have therefore 
been revealed, which are strongly dependent on the way in which silica is deposited 
onto the γ-Al2O3 surface. The two models are schematically illustrated in Figure 6.18, 
one of which depicts 3D island “stacking” that forms after several grafting cycles 
(Figure 6.18(b)), and the other a mixed growth morphology consisting of 2D islands 














Figure 6.19. 27Al (14.1 T, 20 kHz MAS) DP NMR spectra of γ-Al2O3, Si-γ-Al2O3 materials prepared by 
a sequential grafting approach and Si-γ-Al2O3 (8 wt% Si, “high loading”) prepared via a “single shot” 




Figure 6.20. (a) 1H-27Al (14.1 T, 20 kHz MAS, τCP = 0.8 ms) CP NMR spectra of γ-Al2O3 and Si-γ-Al2O3 
materials prepared by a sequential grafting approach. (b) 1H-27Al (9.4 T, 10 kHz MAS, τCP = 0.8 ms) 
DNP CP NMR spectra of Si-γ-Al2O3 2nd graft, 3rd graft and high loading materials. In both (a) and 
(b), spectra have been normalised with respect to the Al(VI) resonance. * denotes a spinning sideband. 
 
One further observation can also be noted from the XPS data in Figure 6.17. The 29Si- 
enriched 1.5 wt% Si sample is seen to exhibit a lower Si:Al ratio than its natural 
abundance 29Si counterpart. This may result from the way in which these two materials 
were obtained. The 29Si-enriched sample was prepared on a laboratory scale, with wet 
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impregnation carried out under inert atmosphere. By contrast, the natural abundance 
29Si sample was obtained commercially, as part of a standard large volume batch 
produced on an industrial scale. Although the precise preparation details of this 
particular silicated alumina are not readily available (as it is a commercial product), 
production routes for similar catalysts indicate that the industrial process differs from 
the one employed on a laboratory scale.64,65 Certainly, the material obtained for this 
study is envisaged to be similar the one prepared with 29Si-enriched precursor, but its 
precise composition is unlikely to be identical. A difference in the Si:Al ratios for these 
samples is perhaps to be expected, and warrants further investigation in future studies. 
Some additional insights will also be provided, from a 17O NMR perspective, later in 
this chapter. 
 
To determine the effect of silica deposition by sequential grafting and “single shot” 
approaches on the underlying γ-Al2O3 structure, 
27Al NMR experiments were 
performed. Figure 6.19 shows 27Al DP NMR spectra acquired for samples of γ-Al2O3, 
Si-γ-Al2O3 materials prepared by a sequential grafting approach and Si-γ-Al2O3 (8 
wt% Si) prepared via a “single shot” method. Very little differences can be discerned 
between the overlaid spectra, suggesting that the bulk γ-Al2O3 remains largely 
unperturbed by the grafting processes that have been applied. 1H-27Al CP NMR spectra 
of unmodified γ-Al2O3 and the sequential Si grafting materials are presented in Figure 
6.20(a). It can be seen that the intensity of the resonances corresponding to four- and 
five-coordinate Al sites increases as a function of additional grafting cycles. In the Si-
γ-Al2O3 (1.5 wt% Si) material, these Al sites were identified as the anchoring points 
for silica growth on the surface of γ-Al2O3. It therefore follows that their corresponding 
resonances should display increased intensity as the interface between Si and Al 
becomes more pronounced. A consistent upfield shift in the position of the Al(IV) and 
Al(V) resonances is also evident, consistent with an increase in the shielding of these 
nuclei, as a result of increasing silica coverage. These findings differ from recent 
observations by Valla et al., who studied similar materials by DNP NMR 
spectroscopy. These researchers found no significant increase in Al(V) intensity with 
additional grafting steps.30 However, this may be rationalised by the data presented in 






Figure 6.21. 29Si (9.4 T, 12.5 kHz MAS) refocused CP INADEQUATE DNP NMR spectra of 29Si-
enriched Si-γ-Al2O3 (8 wt% Si), acquired using J values of (a) 3.2 ms, (b) 6.4 ms, (c) 9.6 ms and (d) 16 
ms. The solid grey line in each spectrum denotes the δDQ = 2δSQ autocorrelation diagonal. 
 
high loading Si-γ-Al2O3 materials. Given the increased amount of Si present in the 
high loading sample (8 wt%), it might be expected that the spectrum of this sample 
will continue to follow the pattern observed in Figure 6.20(a), but this is not the case. 
Whilst the Al(IV) resonance does behave as expected, the Al(V) resonance lies outside 
the trend, displaying an intensity approximately equal to that of the 2nd graft (2.8 wt% 
Si) sample. It appears that, whilst the silica species are indeed anchored to the alumina 




Figure 6.22. Overlay of 2 projections of two-dimensional refocused INADEQUATE DNP NMR 
spectra, shown in Figure 6.21, as a function of J. The 1H-29Si CP DNP NMR spectrum is also shown 
for comparison (CP = 3 ms) (cyan).  
 
the sequentially grafted materials. The amorphous SiO2-like “balls” are likely to be 
responsible for this difference, as whilst they are connected to the surface, they do not 
promote the formation of a well-defined Si-Al interface, characterised by increased 
connectivity to Al(V) sites. It is possible therefore, that Valla et al.30 employed a 
grafting approach that resulted in the generation of an initial silicated alumina that 
more closely resembles the “single shot” material in the present work, as suggested by 
their 29Si DNP NMR data. As a result, subsequent grafting cycles may have generated 
materials without a distinct Si-Al interface, a growth morphology which seems to 
disfavour the generation of Al(V) surface sites. 
 
6.5 Further Investigations of “Single Shot” Silicated Alumina: Insights from 2D 
DNP NMR Spectroscopy 
 
In Section 6.3, it was demonstrated that the combination of isotopic enrichment and 
DNP NMR spectroscopy can facilitate a better understanding of the interfacial 
chemistry between the silica surface overlayer and the γ-Al2O3 bulk. Preparing the 
“single shot” silicated alumina with 99% 29Si TEOS therefore, allows this approach to 
be extended to study this material further using 2D correlation experiments. Figure 





Figure 6.23. 29Si-27Al (9.4 T, 10 kHz MAS) CP INEPT DNP NMR spectrum of  29Si-enriched high silica 
loading Si-γ-Al2O3 (8 wt% Si), with transfer via the (a) dipolar and (b) scalar coupling. 
 
loading material. Signal is observed between –80 and –110 ppm, suggesting that, as 
for Si-γ-Al2O3, only higher-order Q
n species are connected to Si. At J evolution times 
of up to 9.6 ms, two cross peaks are present on either side of the 1 = 22 diagonal, at 
2  –90 and –95 ppm. This is an indication that silica species are covalently connected 
to those with similar, but distinct chemical shifts and therefore somewhat different 
environments. Based on the assignments of Lippmaa et al.,21 these signals may arise 
from Q4/Q4 species in a Q4(3Al)-Q4(2Al) arrangement. At the longest J evolution time, 
16 ms, only autocorrelation signal at 2  –90 ppm is observed. This finding is 
demonstrated more clearly in Figure 6.22, where projections of the spectra onto the 2 
axis are shown. Loss of signal from the  –95 ppm region of the spectrum is evident. 
It indicates that some Q4(3Al) pairs do exist in this material, consistent with a structural 
model where little if any 3D “island stacking” has occurred. Si species are instead 
primarily connected to each other and/or to the γ-Al2O3 surface. Signal corresponding 
to amorphous silica-type structures is less readily observable in the INADEQUATE 
spectra, which may be at first be surprising given that this experiment has previously 
been applied on zeolites66-68 and functionalised silica nanoparticles.69 However, this is 
perhaps explained when it is considered that the INADEQUATE experiment, being 
enhanced by DNP, is preceded by a CP (from 1H) step. As Figure 6.16 demonstrates, 
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the 1H-29Si CP experiment underrepresents a portion of the total lineshape observable 
by direct polarisation. It therefore follows that this resonance, attributed to amorphous 
silica-like “balls”, will also not as readily observable in the 2D experiment. 
 
It was also demonstrated in Section 6.3 that the interfacial chemistry between Si and 
Al can be probed effectively via 29Si-27Al refocused INEPT experiments.28,29 Figure 
6.23(a) shows the 29Si-27Al dipolar INEPT DNP NMR spectrum of high silica loading 
silicated alumina, where REDOR was used to recouple the dipolar interaction.31 It 
reveals that Si is close in space to Al(IV), Al(V) and Al(VI) species, as previously 
observed for Si-γ-Al2O3 (1.5 wt% Si). In the high silica loading material though, all 
Al species, including Al(VI), show the strongest through-space correlation with Si 
signal near –84 ppm. This finding suggests that Al(VI) species are no longer directly 
exposed at the surface, as in the 1.5 wt% Si material, consistent with a growth model 
that, whilst generating some dense amorphous Si species, is still able to achieve a 
reasonably high degree of Si dispersion. The scalar 29Si-27Al INEPT DNP NMR 
spectrum of high silica loading silicated alumina is shown in Figure 6.23(b). In contrast 
to the equivalent spectrum of Si-γ-Al2O3 (1.5 wt% Si), presented in Figure 6.12, 
reveals that Si is covalently connected via all three types of Al environment (Al(IV), 
(V) and (VI)). The strongest correlation for all Al species is with Si signal near –87 
ppm, which may be attributable to Q4(3Al) units. This shift to more negative ppm 
values (in the 29Si dimension) in the scalar correlation spectrum versus the dipolar one, 
suggests that whilst Si units are anchored to all types of Al coordination environment, 
overall, they are in spatial proximity to Al units which are not covalently bonded to Si. 
This indicates that there is little, if any, Si penetration into the bulk γ-Al2O3 structure, 
even at a high silica loading of 8 wt%. Notably, no resonances corresponding to 
amorphous silica-type units are observable in either spectrum in Figure 6.23. This can 
also be accounted for by considering that these experiments also feature a CP 
component in the same way as the refocused INADEQUATE sequence. Additionally, 
a certain proportion of a given silica “ball” may not be expected to connect with the γ-
Al2O3 surface, either spatially, due to the dense nature of such a structure, or 






Figure 6.24. 1H (9.4 T, 10 kHz MAS) NMR spectra of as-made high silica loading Si-γ-Al2O3 (8 wt% 
Si) acquired (a) directly after synthesis and after ageing for (b) ~2 weeks, (c) ~1 year and (d) ~1 year 






Figure 6.25. 1H-13C (9.4 T, 10 kHz MAS, CP = 3 ms) CP NMR spectra of as-made high silica loading 
Si-γ-Al2O3 (8 wt% Si) acquired after ageing for (a) ~2 weeks and (b) ~1 year. The same experimental 
parameters were used to acquire both spectra. 
 
6.6 As-made “Single Shot” Silicated Alumina: Following the Effect of Long-Term 
Ageing 
 
One of the principal steps in the preparation of aluminosilicate materials is high 
temperature calcination, which typically takes place after the principal synthesis steps 
have been performed.30,41-44,70 A material that has not undergone calcination is 
generally described as being “as-made” and typically still contains residual templating, 
modifying or structure-directing agents.71-73 The study of such materials can offer 
insights into the formation of local structural environments, which is an important 
consideration for functional materials.73  
 
NMR spectroscopy is ideally suited to the task of monitoring the structural evolution 
of silicate-based materials over time, due to its sensitivity to small changes in local 
chemical environments.9,45,74-77 Accordingly, an aliquot of as-made “single shot” 
silicated alumina was acquired for study in this way. The material was obtained after 
the vacuum drying phase of the synthetic procedure was completed, prior to high 








Figure 6.26. 29Si (9.4 T, 14 kHz MAS) DP NMR (black) and 1H-29Si (9.4 T, 10 kHz MAS,CP = 3 ms) 
CP NMR spectra (red) of as-made 29Si-enriched high silica loading Si-γ-Al2O3 (8 wt% Si). Spectra were 
acquired (a) directly after synthesis and after ageing for (b) ~2 weeks, (c) ~1 year and (d) ~1 year and 
1 month. In (a), an expansion of part of the spectrum is shown inset.  
 
1H MAS NMR spectra of as-made Si-γ-Al2O3 high silica loading were acquired after 
different ageing times. The material was kept in a closed vial, with samples taken for 
analysis at intervals of ~2 weeks, ~1 year and ~1 year and 1 month. Figure 6.24(a) 
shows the spectrum obtained directly after the material was synthesised. Two sharp 






Figure 6.27. (a) 29Si (9.4 T, 14 kHz MAS) DP (black) and CP (red) NMR spectra of as-made high silica 
loading Si-γ-Al2O3 (8 wt% Si) aged for ~1 year. (b) 29Si (9.4 T, 14 kHz MAS) DP NMR spectra of as-
made high silica loading Si-γ-Al2O3 (8 wt% Si) aged for ~1 year (blue) and calcined high silica loading 
Si-γ-Al2O3 (8 wt% Si) (green). Spectral intensities have been normalised. 
 
CH2 groups of TEOS, respectively.
79,80 While it is possible that these peaks may also 
correspond to ethanol (the solvent used during synthesis), it is unlikely, as the vacuum 
drying procedure is designed to remove volatile solvents from the material after wet 
impregnation. It appears that after drying is complete, a significant amount of 
molecular TEOS remains on the surface of γ-Al2O3, although its exact structural 
arrangement cannot be determined from 1H NMR experiments alone. Subsequent 
ageing results in the evolution of a resonance at 1H  ≈ 4-5 ppm, consistent with the 
adsorption of H2O onto the surface of Si-γ-Al2O3.
22-24 A substantial decrease in the 
sensitivity of TEOS resonances was also observed, indicating a loss of molecular 
TEOS, either by evaporation, or formation of new Si surface environments. This was 
also observed via 1H-13C CP NMR experiments, the spectra from which are shown in 
Figure 6.25. The spectrum obtained after the material was aged for ca. 2 weeks (Figure 
6.25(a)) displays signals at 13C iso ≈ 16 and ≈ 59 ppm, which are assigned to CH3 and 
CH2 groups of TEOS, respectively.
80 After a total ageing time of ca. 1 year, the same 
peaks can still be identified in the 1H-13C CP NMR spectrum in Figure 6.25(b), albeit 
accompanied by a significant sensitivity decrease, despite the use of the same 
experimental parameters as for the first experiment. 
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To discern the effect of long-term ageing on the Si environments present on the surface 
of as-made “single shot” Si-γ-Al2O3, 
29Si DP and 1H-29Si CP NMR experiments were 
performed. In the DP NMR spectra of the newly synthesised material, two sharp 
resonances can be identified. The first, at 29Si iso ≈ −82.5 ppm, is assigned to liquid-
state TEOS and the second, at 29Si iso ≈ −89.3 ppm, is attributed to TEOS groups 
anchored to the surface of γ-Al2O3.
80 An expansion of the 29Si DP NMR spectrum in 
Figure 6.26(a) reveals a broad lineshape underlying the sharp TEOS peaks, indicating 
that the formation of Qn species begins very rapidly after the completion of the drying 
process. As the ageing process progresses, the sharp peaks are lost from the DP NMR 
spectra and the broad feature becomes shifted upfield. Over time, the condensation of 
TEOS on the surface of γ-Al2O3 results in the formation higher-order Q
n species, 
accompanied by the exudation of organic components. 1H-29Si CP NMR reveals that 
the anchored organic species remain connected to the surface, with a relatively sharp 
peak at 29Si iso ≈ −89.3 ppm evident in the spectrum of the two-week-old sample. 
Although subsequent 1H-29Si CP NMR spectra do not display this feature, the presence 
of TEOS resonances in the 1H-13C CP NMR spectrum in Figure 6.25(b) suggests that 
a small quantity of this functional group still remains. It appears the reaction may have 
reached completion after a period of ~1 year, as no significant change in the 29Si DP 
or CP lineshapes in Figures 6.26(c) or (d) can be detected. It is not known though at 
what stage the reaction reached completion from the data available. By overlaying the 
29Si DP and CP spectra of “single shot” Si-γ-Al2O3 aged for ~1 year, as in Figure 
6.27(a), it can be seen that a portion of the DP lineshape (≈ −100 to −120 ppm) is not 
present in the CP NMR spectrum. This confirms that some of the Qn species formed 
during the ageing process are not bonded to Al. Based on previous studies of 
amorphous SiO2
24 and silica gel,76 and by comparison with 29Si NMR spectra obtained 
for equivalent materials, they are assigned to Q3(3Si) and Q4(4Si) sites. It is clear that 
the long-term ageing of as-made “single shot” Si-γ-Al2O3 promotes the formation of a 
structure similar to the one obtained by high-temperature calcination. Comparison of 
the 29Si DP NMR spectra of the 1 year aged as-made material with the calcined “single 
170 
 












Figure 6.28. 27Al (14.1 T, 20 kHz MAS) short flip angle DP NMR spectra of γ-Al2O3 (blue), calcined 
high silica loading Si-γ-Al2O3 (8 wt% Si) (green), and as-made high silica loading Si-γ-Al2O3 (8 wt% 
Si) aged for ~1 year and 4 months (red). * denotes a spinning sideband. Spectral intensities have been 
normalised. 
 
shot” Si-γ-Al2O3, as shown in Figure 6.27(b), reveals that the two structures are 
somewhat different. Long-term ageing promotes the formation of a structure with a 
greater proportion of silicate Qn species than its calcined counterpart. Whilst 
calcination has previously been shown to result in a structure with some amorphous 
silica-like units, this route results in Si species which are more likely to be connected 
to Al centres on the γ-Al2O3 surface. 
27Al DP NMR experiments were performed for 
the calcined and as-made samples (after ageing for ~1 year and 4 months in the second 
case), and the corresponding spectra are shown in Figure 6.28, along with a spectrum 
of unmodified γ-Al2O3. The spectra are remarkably similar, showing only small 
variations in linewidth and peak intensity, consistent with what was previously 
observed for sequential grafting materials. This finding demonstrates that both 
calcination and gradual ageing routes generate only surface Si environments, leaving 
the bulk γ-Al2O3 largely unchanged. 
 
6.7 17O Solid-State NMR Studies of γ-Al2O3 and Si-γ-Al2O3 Materials 
 
In the study of oxide-based materials, 17O solid-state NMR spectroscopy is well placed 
to offer useful insights into structure, thanks to its sensitivity to changes in local 
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Figure 6.29. 17O (14.1 T, 14 kHz MAS) short flip angle DP NMR spectra of (a) γ-Al2O3 and (b) Si-γ-
Al2O3 (1.5 wt% Si), 17O enriched for heating times of 12 (blue), 24 (red) and 48 h (green). Spectra have 
been scaled with respect to the number of transients and the mass of sample contained within each 4 
mm rotor. * denotes a spinning sideband. 
 
chemical environments.9,82,83 As outlined in previous chapters, the primary 
disadvantage of studying 17O is its very low natural abundance. Although in certain 
cases it is possible to acquire NMR spectra under these conditions,84 isotopic 
enrichment is usually necessary for advanced experiments.9,82,83 Oldfield and co-
workers were amongst the first to exploit 17O solid-state NMR spectroscopy for the 
study of a variety of oxide materials, by using 17O-enriched reagents during the 
synthetic process.85-90 Whilst this approach has become relatively popular,91-94 it means 
that the desired compounds must be specifically designed and prepared with 17O NMR 
studies in mind. The post-synthesis gas exchange procedure, introduced in Chapters 1 
and 4, offers an enrichment route that allows, in principle, for the study of 
conventionally synthesised and commercially obtained samples. Grey and co-workers 
have demonstrated its effectiveness in the characterisation of several materials, 
including zeolites95-98 and oxide nanoparticles,99,100 and it has been used in the present 
work to facilitate 17O solid-state NMR studies of γ-Al2O3 and Si-γ-Al2O3 materials. 
 
In order to identify optimum enrichment conditions for the aforementioned catalyst 
materials, 17O gas exchange was carried out at different temperatures and heating 
durations on γ-Al2O3. From reference to the works of Peng et al.
97,98 and Klug et al.101
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samples were enriched at temperatures of 300, 400 and 500 °C for a duration of 12 h. 
No signals were observed for a sample enriched at 300 °C and for that enriched at 400 
°C signal was seen only after an extended period of signal averaging (~16 h). 
Enrichment at 500 °C resulted in a good level of sensitivity in a relatively short period 
of time (~0.5 h), so this temperature was selected for further experiments. Aliquots of 
γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si) were heated, as before, in a 70% 
17O2 atmosphere, 
for intervals of 12, 24 and 48 h. The 17O NMR spectra of the resulting materials, 
recorded using a short flip angle pulse, are shown in Figure 6.29. By reference to the 
data reported by Walter and Oldfield90 and Klug et al.,101 the following preliminary 
assignments can be made – the region between 17O δ  −50 and 10 ppm to surface O 
sites, and between 17O δ  10 and 80 ppm to subsurface and bulk species. In Figure 
6.29(a), signal intensity increases along with the enrichment duration, suggesting that 
for γ-Al2O3, longer heating times promote a greater degree of 
16O/17O exchange 
throughout the structure. The same trend however, does not seem to be replicated for 
Si-γ-Al2O3 (1.5 wt% Si). An increase in signal intensity in the subsurface/bulk region 
of the spectrum is initially seen when the heating duration is doubled. A further 
increase, to 48 h, in contrast to γ-Al2O3, results in a notable decrease in intensity of 
this part of the spectral lineshape. It may be that extended heating time results in a 
“back exchange” reaction between 17O and 16O that was initially displaced from the 
material. 
 
 It has been previously observed that the presence of a surface overlayer affects 
enrichment behaviour.101 Klug et al. reported a decrease in the amount of signal 
obtained compared to the unmodified γ-Al2O3 support, surmising that V2O5 species 
supported on γ-Al2O3 inhibited 
16O/17O exchange with the bulk structure.101 The 
reduced intensity of the broad component centred at 17O δ  0 ppm in the spectrum of 
Si-γ-Al2O3 (1.5 wt% Si), compared to that of γ-Al2O3 is also clear. Whilst it is not 
possible to unambiguously assign this peak, one contribution may be from adsorbed 
H2O.
99-103 Since isotopic exchange takes place in a sealed vial, any water bound to the 
surface of the oxide will not be able to escape, and could therefore become enriched 
along with the solid material. The addition of a Si surface overlayer could reduce the 






Figure 6.30. 17O (20.0 T, 20 kHz MAS) DP NMR spectra of  17O-enriched (a) γ-Al2O3, (500 °C for 24 





Figure 6.30 shows 17O NMR spectra of γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si) 
17O-
enriched at 500 °C for 24 h, along with the spectrum of 17O-enriched amorphous SiO2, 
all acquired at 20.0 T. The use of such a very high field strength allows for increased 




Figure 6.31. 17O z-filtered 3QMAS NMR spectra of (a) and (c) γ-Al2O3, and (b) and (d) Si-γ-Al2O3 (1.5 
wt% Si) 17O-enriched at 500 °C for 24 h. Spectra were acquired at (a) and (b) 14.1 T and 14 kHz MAS, 
and (c) and (d) 20.0 T and 20 kHz MAS. In all spectra, shearing transformations have been applied. 
Peak assignments are as follows: 1 = Al-O-Al (OAl4); 2 = Al-O-Al (OAl3); 3 = Si-O-Al; 4 = Si-O-Si. 
 
a result, distinct O sites in these materials can now be more readily identified. 
Relatively sharp peaks can be seen in all spectra around 0 ppm, likely to correspond 
to OH groups on the surface of the materials.88,104,105 In the spectra of γ-Al2O3 and Si-
γ-Al2O3 (1.5 wt% Si), the peak is located at 
17O δ  −1 ppm, whereas in the spectrum 
of amorphous SiO2, it is observed at 
17O δ  1.5 ppm. This suggests that, despite the 
presence of a Si layer, the predominant observable isolated OH group in Si-γ-Al2O3 is 




Table 6.2. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for the O sites in 17O-enriched (500 °C for 24 h) γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si), obtained 
from the z-filtered 3QMAS spectra in Figure 6.31(a) and (b) (14.1 T). 
 
Table 6.3. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for the O sites in 17O-enriched (500 °C for 24 h) γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si), obtained 
from the z-filtered 3QMAS spectra in Figure 6.31(c) and (d) (20.0 T). 
 
(~20 ppm at 20.0 T) however, it is possible that SiOH species are present in Si-γ-Al2O3 
(1.5 wt% Si), that are not resolved in the MAS spectrum. At the higher field, it is now 
possible to confirm the presence of a broad resonance attributed to adsorbed water, 99-
103 and as in Figure 6.29, it is most intense in the spectrum of γ-Al2O3. This region 
overlaps with the expected position of the Si-O-Si species,105 which is evident in the 
spectrum of amorphous SiO2. It is therefore not possible from the 
17O MAS spectrum 
alone to unambiguously confirm the presence Si-O-Si in Si-γ-Al2O3 (1.5 wt% Si). The 
presence of at least one, possibly two types of Al-O-Al linkages can however be 
identified in both γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si).
90,101,106  
 
In order to undertake more detailed characterisation of the oxygen sites present in γ-
Al2O3 and Si-γ-Al2O3 (1.5 wt% Si), high-resolution experiments are required. One 
  
Site γ-Al2O3 Si-γ-Al2O3 (1.5 wt% Si) 
 <PQ> / MHz <δiso> (ppm) <PQ> / MHz <δiso> (ppm) 
Al-O-Al (OAl4) 1.5 (3) 73 (3) 1.7 (3) 67 (3) 
Al-O-Al (OAl3) 2.3 (3) 57 (3) 2.5 (3) 55 (3) 
Si-O-Al - - 3.3 (3) 43 (3) 
Si-O-Si - - 4.4 (3) 62 (3) 
Site γ-Al2O3 Si-γ-Al2O3 (1.5 wt% Si) 
 <PQ> / MHz <δiso> (ppm) <PQ> / MHz <δiso> (ppm) 
Al-O-Al (OAl4) 1.3 (3) 72 (3) 1.6 (3) 70 (3) 
Al-O-Al (OAl3) 2.5 (3) 60 (3) 2.5 (3) 59 (3) 
Si-O-Al - - 3.5 (3) 45 (3) 




Figure 6.32. 17O (14.1 T, 14 kHz MAS) z-filtered 3QMAS NMR spectrum of 17O-enriched amorphous 
SiO2 (enriched during synthesis). A shearing transformation has been applied. 
 
Table 6.4. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for the Si-O-Si site in 17O-enriched amorphous SiO2 (enriched during synthesis), obtained from 






such example that has previously been introduced in this work is the 3QMAS 
experiment. Figure 6.31 shows 3QMAS spectra of γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% 
Si) 17O-enriched at 500 °C for 24 h, acquired at external magnetic field strengths of 
14.1 and 20.0 T. Two sites are identifiable in the spectra of γ-Al2O3 and four in the 
spectra of Si-γ-Al2O3 (1.5 wt% Si). The corresponding NMR parameters, given in 
Tables 6.2 and 6.3, were extracted and by comparison with a comprehensive collection 
of published data, can be assigned as follows: 1 = Al-O-Al (OAl4); 2 = Al-O-Al 
(OAl3); 3 = Si-O-Al and 4 = Si-O-Si.
86,90,98,101-111 The identification of two Al-O-Al 
sites in these materials is consistent with previous computational modelling studies of 
γ-Al2O3, where it was reported that tricoordinated oxygen sites are found at the surface 
of the material.112,113 Work by Chen and Huang102 identified the presence of unreacted 
alumina in an aluminophosphate prepared using dry gel conversion, and using 17O 
<PQ> / MHz <δiso> (ppm) 





Figure 6.33. 1H-17O (14.1 T, 14 kHz MAS) CP NMR spectra of  17O-enriched amorphous SiO2, (pink), 
γ-Al2O3 (500 °C for 12 h) (green) and Si-γ-Al2O3 (1.5 wt% Si) (500 °C for 12 h) (blue). CP = 0.4 (blue) 
or 0.5 ms (pink and green). 
 
 
Figure 6.34. 1H-17O (14.1 T, 20 and 14 kHz MAS) CP HETCOR NMR spectra of (a) 17O-enriched γ-
Al2O3 (500 °C for 12 h) (green, CP = 0.5 ms) and (b) 17O-enriched Si-γ-Al2O3 (1.5 wt% Si) (500 °C for 
12 h) (blue, CP = 0.4 ms).  
 
NMR spectroscopy, they obtained CQ and δiso values (4.2 MHz and 79 ppm, 
respectively) for the OAl3 site. These values are larger than those reported in the 
present work for an equivalent site in γ-Al2O3 Si-γ-Al2O3 (1.5 wt% Si), but some 
factors should be considered regarding this observation. The data presented by Chen 
and Huang102 is consistent with earlier figures obtained by Walter and Oldfield90 for a 
178 
 
sample of 17O-enriched θ-Al2O3. The θ form of alumina is known to differ structurally 
from γ-Al2O3, possessing, for example, very few, or no, Al(V) species
114,115 and such 
a change points towards two different surface morphologies between the two alumina 
polymorphs. Whilst Walter and Oldfield were not able to obtain NMR parameters for 
γ-Al2O3, they did report that β-Ga2O3, an isomorph of γ-Al2O3, possesses a 
17O CQ of 
2.5 MHz.90 Stebbins et al. have also reported this to be the case for OAl3 in 
aluminosilicate glasses.110 The present assignment of OAl3 in γ-Al2O3 therefore 
represents the most plausible one based upon currently available data. 
 
The 17O z-filtered 3QMAS NMR spectrum of amorphous SiO2, acquired at 14.1 T, is 
presented in Figure 6.32. The average NMR parameters for the Si-O-Si species, given 
in Table 6.4, show generally good agreement with the corresponding species in Si-γ-
Al2O3 (1.5 wt% Si). The variation in δiso values between the two materials can be 
accounted for by the differing structural arrangements of each type of Si-O-Si linkage. 
In amorphous SiO2, Si-O-Si is present throughout the bulk structure as the only type 
of connection between Si atoms. By contrast, in Si-γ-Al2O3 (1.5 wt% Si), the Si-O-Si 
species form part of a surface overlayer on alumina, with nearby functional groups 
being Si-O-Al and Al-O-Al. The CQ values of the two types of Si-O-Si species are 
quite similar, particularly given the respective errors on the values. Notably, 
resonances corresponding to hydroxyl oxygen species were not observed in 3QMAS 
spectra of γ-Al2O3 or Si-γ-Al2O3 (1.5 wt% Si). However, as van Eck et al.
116 have 
noted, from studies of sol-gel produced silica, the characterisation of OH groups can 
be challenging. These authors reported a range of different SiOH species, some of 
which had very low CQ values (~200 kHz), which due to the inefficiency of exciting 
3Q coherences when CQ is small, means their signals are difficult to observe in a 
3QMAS experiment. Additionally, it was found that SiOH oxygens possessed very 
rapid T1 relaxation times (~0.1 ms), resulting from high hydroxyl hydrogen mobility 
creating rapidly fluctuating dipolar fields.116 Although van Eck et al. were able to 
observe SiOH signal in a 3QMAS experiment, this was likely only a subset of the total 
OH population, where CQ values were determined to be in the range of 2.8–3.2 MHz, 
and spin-lattice relaxation was likely to be slower.116 Lee et al. have reported, from 




Figure 6.35. 17O (14.1 T, 14 kHz MAS) (a) DP NMR and (b) z-filtered 3QMAS NMR spectra of Si-γ-
Al2O3 (1.5 wt% Si), 17O-enriched for 12 h at temperatures of 500 (blue) and 700 °C (red). In (b), a 
shearing transformation has been applied to both spectra. In (a), spectra have been normalised to the 
OAl3 resonance, and * denotes a spinning sideband. 
 
observe by 3QMAS due to rapid T1 relaxation, requiring a high concentration of these 
species to be present (and successfully 17O enriched) in order to be detected.104 These 
findings also have implications for the interpretation of 1H-17O CP NMR experiments. 
Figure 6.33 shows 1H-17O CP NMR spectra of 17O-enriched γ-Al2O3, Si-γ-Al2O3 (1.5 
wt% Si) (500 °C for 12 h) and 17O-enriched amorphous SiO2. A resonance, attributable 
to silanol oxygen species,88,94,116 is evident at 17O δ  1.8 ppm in the spectrum of 
17O-
enriched amorphous SiO2. The second resonance, at 
17O δ  30 ppm, is assigned to Si-
O-Si sites,94 likely close to the silica surface.  By contrast, the 17O resonances in the 
spectra of γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si) are centred at 
17O δ  15 ppm. 
1H-17O 
CP HETCOR spectra of γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si) (
17O enriched at 500 °C 
for 12 h), displayed in Figure 6.34, shows that these resonances correlate with signals 
centred at 1H δiso   4 ppm. This evidence indicates that adventitious water is 
predominant at the surface of these materials (at least when they are in the hydrated 
state). These findings do not preclude the presence of AlOH or SiOH sites in the 
alumina-based materials, but do suggest that they are not readily observable via CP 
from 1H. This may be due to their unfavourable relaxation, or possibly as a result of a 





Figure 6.36. (a) 29Si (9.4 T, 14 kHz MAS) DP NMR and (b) 1H-29Si (9.4 T, 10 kHz MAS, CP = 0.5 ms) 
CP HETCOR NMR spectra of 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si) before (black) and after (red) 17O 
gas exchange enrichment at 500 °C for 24 h. In (a) spectra have been normalised.  
 
 
Figure 6.37.  1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of (a) dehydrated 29Si-enriched Si-γ-Al2O3 
(1.5 wt% Si) (CP = 1.5 ms) and (b) hydrated 29Si- and 17O-enriched Si-γ-Al2O3 (1.5 wt% Si) (17O-
enriched at 500 °C for 24 h) (CP = 0.1, 1.5, or 10 ms). In (b) spectra have been normalised. 
 
In order to further explore the 17O enrichment process in γ-Al2O3-based materials, 
17O 
gas exchange of Si-γ-Al2O3 (1.5 wt% Si) was carried out at a higher temperature of 
700 °C for a heating duration 12 h. This temperature was chosen because it is the 
highest at which the material could be heated for an extended period, without effecting 
a phase transition in the supporting γ-Al2O3 structure.




Figure 6.38. 1H (9.4 T, 10 kHz MAS) NMR spectra of (a) partially dehydrated 29Si-enriched Si-γ-Al2O3 
(1.5 wt% Si) and (b) hydrated 29Si- and 17O-enriched Si-γ-Al2O3 (1.5 wt% Si) (17O-enriched at 500 °C 
for 24 h). In (b), ♦ denotes a peak from the rotor cap.78 
 
spectrum of this sample is shown in Figure 6.35(a), where it is compared with an 
equivalent spectrum of Si-γ-Al2O3 (1.5 wt% Si) enriched at 500 °C for 12 h. The 
lineshape of the sample enriched at 700 °C appears distinctly different to that enriched 
at 500 °C, bearing more resemblance to the lineshapes of 17O-enriched γ-Al2O3 in 
Figure 6.29. This observation suggests that 17O enrichment at the higher temperature 
favours 16O/17O exchange with the underlying Al-O-Al sites. Comparison of the 17O 
z-filtered 3QMAS spectra of the two Si-γ-Al2O3 (1.5 wt% Si) materials confirms this 
to be the case, with only the two γ-Al2O3-type oxygen sites (OAl3 and OAl4) being 
detectable in the spectrum of the sample enriched at 700 °C. 
 
6.8 Characterisation of Doubly-Enriched (29Si and 17O) Si-γ-Al2O3 (1.5 wt% Si) 
 
In preceding sections of this chapter, the characterisation of Si-γ-Al2O3 materials has 
been carried by isotopic enrichment of one particular nuclide. However, if double 
enrichment of 29Si and 17O could be accomplished, then it would open up the ability 
to attempt heteronuclear correlation experiments. This approach has been 
demonstrated to be a powerful way of obtaining detailed information regarding the 
local structure of zeolites.94 Accordingly, a sample of 29Si-enriched Si-γ-Al2O3 (1.5 
wt% Si), previously investigated in Section 6.3, was 17O-enriched using gas exchange 
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at 500 °C for 24 h. These conditions were chosen based on the findings in Section 6.6, 
where it was shown that they resulted in the highest level of enrichment for Si-γ-Al2O3 
(1.5 wt% Si) of all the heating times studied. In order to ascertain what, if any, changes 
were effected on the structure of the material as a result of the 17O enrichment process, 
1H and 29Si NMR experiments were also performed. Figure 6.36(a) shows 29Si DP 
NMR spectra of 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si) before and after being 
17O 
enriched. A notable lineshape change is observed in the post enrichment spectrum, 
particularly in the region at more negative ppm values, where intensity is lost. This is 
accompanied by a relative increase in lineshape intensity of the peak at 29Si iso ≈ −77 
ppm. These changes are further highlighted in the CP HETCOR NMR spectra in 
Figure 6.36(b), where the intensity loss in the region around −90 ppm, corresponding 
to Si-O-Si linkages, is clearly evident. These findings suggest that hydrolysis of Si-O-
Si bonds has occurred during the 17O enrichment procedure, leading to a reduction in 
the amount of bridging Q4(3Al) Si species, and an increase in non-bridging Si units. 
This reaction is likely to be driven by the enrichment conditions of high temperature, 
the presence of 17O gas in a sealed vial, and the presence of adventitious water, which 
is released from the silicated alumina surface by extended heating at 500 °C. The fit 
model shown in Figure 6.13 was applied to the spectrum in Figure 6.36(a), and 
matched this lineshape well, requiring only the intensities of each component to be re-
optimised. This indicates that the same species remain in the doubly-enriched Si-γ-
Al2O3 (1.5 wt% Si), although the relative amounts of each Si unit have changed. 
 
 1H-29Si CP NMR spectra of dehydrated (150 °C, ~12 h) 29Si-γ-Al2O3 (1.5 wt% Si), 
and hydrated doubly-enriched Si-γ-Al2O3 (1.5 wt% Si) are shown in Figure 6.37. The 
two spectra appear very similar at a CP contact time of 1.5 ms, indicating that the two 
different treatment methods (dehydration and 17O-mediated hydrolysis) result in the 
29Si spectra being more significantly influenced by local OH density. This is confirmed 
by spectra obtained at additional contact times, where the longest value (10 ms) bears 
a strong resemblance to the spectrum of the material only enriched in 29Si (Figure 6.3) 
Comparison of 1H MAS NMR spectra of the two materials, shown in Figure 6.38, 
reveals that the doubly-enriched Si-γ-Al2O3 (1.5 wt% Si) is in a hydrated state, 




Figure 6.39. 17O (20.0 T, 20 kHz MAS) DP NMR spectra of  17O-enriched (a) γ-Al2O3, (500 °C for 24 h) 
(b) Si-γ-Al2O3 (500 °C for 24 h) and (c) doubly-enriched (29Si and 17O) Si-γ-Al2O3 (500 °C for 24 h). * 
denotes a spinning sideband. 
 
This finding demonstrates that 17O-mediated hydrolysis appears to produce a Si 
overlayer containing a reduced amount of Si-O-Si bridging units and an increased 





Figure 6.40. 17O (14.1 T, 14 kHz MAS) z-filtered 3QMAS NMR spectrum of doubly-enriched (29Si and 
17O) Si-γ-Al2O3 (1.5 wt% Si) (500 °C for 24 h). A shearing transformation has been applied. Peak 
assignments are as follows: 1 = Al-O-Al (OAl4); 2 = Al-O-Al (OAl3); 3 = Si-O-Al; 4 = Si-O-Si. 
 
 
Table 6.5. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for O sites in 29Si- and 17O-enriched (500 °C for 24 h) Si-γ-Al2O3 (1.5 wt% Si), obtained from 











17O3 (1.5 wt% Si) 
 <PQ> / MHz <δiso> (ppm) 
Al-O-Al (OAl4) 1.6 (3) 67 (3) 
Al-O-Al (OAl3) 2.5 (3) 60 (3) 
Si-O-Al 3.8 (3) 45 (3) 




Figure 6.41.  29Si-17O (20.0 T, 20 kHz MAS) D-HMQC spectra of doubly-enriched (29Si and 17O) Si-γ-
Al2O3 (17O-enriched at 500 °C for 24 h), acquired with (a) τrec = 0.6 ms, (b) τrec = 1.2 ms and (c) τrec = 
1.8 ms. 
 
Figure 6.42. Overlay of  17O (2) projections of D-HMQC spectra of doubly-enriched (29Si and 17O) Si-
γ-Al2O3 (17O-enriched at 500 °C for 24 h), shown in Figure 6.41, as a function of rec. The 17O DP NMR 
spectrum (blue) is also shown for comparison. * denotes a spinning sideband. 
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Figure 6.39 shows 17O NMR spectra of γ-Al2O3, Si-γ-Al2O3 (1.5 wt% Si) 
17O enriched 
at 500 °C for 24 h and doubly-enriched (29Si and 17O) Si-γ-Al2O3 (1.5 wt% Si), 
acquired at 20.0 T. It can be seen that the lineshape of the doubly-enriched Si-γ-Al2O3 
(1.5 wt% Si) material in Figure 6.39(c), is distinctly different to its singly-enriched 
(17O) counterpart. Specifically, a notable increase in the intensity of the hydroxyl 
oxygen resonance is evident, suggesting that, despite the presence of adsorbed H2O, 
OH species have been successfully enriched by the gas exchange process, consistent 
with the prior findings from 29Si and 1H NMR spectroscopy. It is interesting to note 
that this result is not mirrored in the 17O spectrum of singly-enriched (17O) Si-γ-Al2O3 
(1.5 wt% Si). As mentioned in Section 6.4, this material was obtained commercially, 
and as a result, the production process differs from the one employed on a laboratory 
scale, as was used for the doubly enriched silicated alumina sample. It would appear 
that the industrial synthesis route generates a material with a more extensively 
dehydroxylated surface than its laboratory-prepared counterpart, although the latter 
sample was shown above to have its OH functionality enhanced by the 17O gas 
exchange process. However, the two materials are otherwise structurally very similar, 
as demonstrated by the 17O z-filtered 3QMAS spectrum (acquired at 14.1 T) of doubly-
enriched Si-γ-Al2O3 (1.5 wt% Si) in Figure 6.40, which bears a strong resemblance to 
the equivalent spectrum obtained for singly- (17O) enriched Si-γ-Al2O3 (1.5 wt% Si), 
shown in Figure 6.31(b). The two sets of average NMR parameters (Tables 6.2 and 
6.5) extracted from these spectra are also in very good agreement. 
 
Since it was demonstrated that isotopic enrichment of both 29Si and 17O could be 
accomplished for a sample of Si-γ-Al2O3 (1.5 wt% Si), heteronuclear correlation 
experiments were attempted on this material. The D-HMQC experiment,118 previously 
utilised successfully in Chapter 5 for NMR studies of γ-Al2O3, was employed in 
combination with the SR421 scheme for active recoupling of the 
29Si-17O dipolar 
interaction.119 These experiments were performed on a 20.0 T instrument, in order to 
take advantage of the increased resolution and reduction in second-order quadrupolar 
broadening (for 17O) offered by this high field strength.10,120 29Si-17O D-HMQC spectra 





Figure 6.43. 17O (20.0 T, 20 kHz MAS) DP NMR spectra of  17O-enriched (a) Si-γ-Al2O3 4th graft (5.2 
wt% Si) (700 °C for 12 h) (b) Si-γ-Al2O3 (500 °C for 24 h) and (c) amorphous SiO2 (17O-enriched during 
synthesis). * denotes a spinning sideband. 
 
recoupling times, are shown in Figure 6.41. Whilst the overlap of individual 
resonances in the 17O dimension precludes unambiguous peak assignments, some 
general trends can be identified. At the shortest recoupling time (τrec = 0.6 ms), only 
weak correlations are seen, principally between higher-order Si (Q3 and Q4) and Al-O-
Al species (OAl3 and OAl4). The fact that Q
4(3Al) bridging Si units primarily correlate 




Figure 6.44. 17O z-filtered 3QMAS NMR spectra of Si-γ-Al2O3 (1.5 wt% Si) (500 °C for 24 h) (black), 
Si-γ-Al2O3 4th graft (5.2 wt% Si) (700 °C for 12 h) (blue) and 17O-enriched amorphous SiO2, (pink). 
Spectra were acquired at (a) 20.0 T and 20 kHz MAS and (b) 14.1 T and 14 kHz MAS. A shearing 
transformation has been applied to all spectra. 
 
This finding is tentatively interpreted in terms of strong dipolar connectivity between 
these Si and O species, which is observable due to the through-space nature of the 29Si-
17O D-HMQC experiment. It is also possible that Si-O-Si oxygen species are present, 
but identification of corresponding signals is obscured by limited resolution in the 17O 
dimension. As the recoupling duration is increased, a much greater degree of 
correlation between oxygens at lower (potentially Si-O-Al linkages) and lower-order 
Qn silicons (i.e., Q1 and Q2 units) is observed. Figure 6.42 overlays projections of the 
17O dimension for τrec = 1.2 and 1.8 ms (the sensitivity level of the 0.6 ms spectrum 
was too low to be included), with the 17O MAS NMR spectrum of doubly-enriched Si-
γ-Al2O3 (1.5 wt% Si). It demonstrates that the 
17O signals that are observed are those 
attributed to oxygens in bridging arrangements (i.e., Al-O-Al, Si-O-Al and Si-O-Si). 
Unfortunately, no signals corresponding to OH species can be seen at any of the 
recoupling durations employed. This is likely to be due to the rapid relaxation of the 
hydroxyl oxygens discussed previously, which means that any signal from these 
species substantially decays during recoupling. Nonetheless, the results obtained 
demonstrate that, by employing isotopic enrichment, 29Si-17O correlation experiments 
are possible, even at low silicon loading. Further investigation is certainly warranted, 
potentially by employing additional sequences such as J-HMQC121 and MQ-
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INEPT,122,123 in order to probe through-bond connectivities and provide increased 
resolution, respectively. 
 
6.9 17O Enrichment of Si-γ-Al2O3 4th Graft (5.2 wt% Si) 
 
Considering the success of gas exchange for 17O enrichment detailed in the previous 
section, it was desirable to test its use in the characterisation of multi-grafted materials. 
Accordingly, a sample of Si-γ-Al2O3 4th Graft (5.2 wt% Si) was 
17O enriched at 700 
°C for 12 h. These conditions were chosen based on previous findings for Si-γ-Al2O3 
(1.5 wt% Si), where it was revealed that the higher enrichment temperature favoured 
16O/17O exchange with the bulk γ-Al2O3 support. Since the Si surface is known to be 
thicker in the 4th graft material, the aforementioned conditions were employed in order 
to improve the probability that oxygen species in the entire overlayer would be 
enriched. Figure 6.43 shows the 17O MAS NMR spectra of 17O-enriched Si-γ-Al2O3 
4th graft (5.2 wt% Si) (enriched at 700 °C for 12 h), Si-γ-Al2O3 (enriched at 500 °C 
for 24 h) and 17O-enriched amorphous SiO2, acquired at an external field of 20.0 T. 
The spectrum of the 4th graft material exhibits a resonance in the region attributable 
to Si-O-Si species, that is distinctly more intense than that in the spectrum of Si-γ-
Al2O3 (1.5 wt% Si). However, this evidence alone is insufficient to provide more 
insight about the type of Si bridging units that are present. In Figure 6.44(a), 17O 
3QMAS spectra of 17O-enriched Si-γ-Al2O3 materials (1.5 and 5.2 wt%) acquired at 
20.0 T are overlaid. In addition to the Si-O-Si oxygen species previously identified in 
Si-γ-Al2O3 (1.5 wt% Si), another resonance is also visible. Comparison of the 3QMAS 
spectrum of Si-γ-Al2O3 4th graft (5.2 wt% Si) acquired at an external field of 14.1 T 
with an equivalent spectrum of 17O-enriched amorphous SiO2 was also undertaken, 
and is shown in Figure 6.44(b). It reveals that the new resonance present in the 
spectrum of Si-γ-Al2O3 4th graft (5.2 wt% Si), is located at a similar position to the Si-
O-Si resonance of amorphous SiO2. This finding suggests that two types of bridging 
Si species are present in the 4th silica graft material – one which is similar to that found 
in Si-γ-Al2O3 (1.5 wt% Si), and another which closely resembles an amorphous silica-
type of environment further away from the alumina support. Based on the findings 





Figure 6.45. 1H (14.1 T, 20 kHz MAS) NMR spectra of γ-Al2O3 (blue), Ti-γ-Al2O3 (red) and Ti-Al M50 
(green). ♦ denotes a peak from the rotor cap.78 
 
3D silica islands, although the presence of some amorphous silica-like “ball” species 
cannot be ruled out. 
 
6.10 Solid-State NMR Studies of Ti-Alumina Model Catalysts 
 
Titanium-based oxides are widely used in industrial settings, having applications as 
components of solar cells,124,125 sorbents for the safe disposal of nerve agents,126 and 
heterogeneous catalysts.127-129 In particular, it was found that surface modification of 





Figure 6.46. (a) 27Al (14.1 T, 20 kHz MAS) DP NMR spectra and (b) 1H-27Al (14.1 T, 14 kHz MAS, CP 
= 0.8 ms) CP NMR spectra of of γ-Al2O3 (blue), Ti-γ-Al2O3 (red) and Ti-Al M50 (green). In (b), spectra 
have been normalised with respect to the Al(VI) resonance. * denotes a spinning sideband. 
 
T synthesis.130 Mixed TiO2-Al2O3 materials have also been determined to be highly 
effective hydrodesulfurisation (HDS) catalysts.131 In the present work, solid-state 
NMR studies were undertaken on two Ti-alumina model catalysts, Ti-γ-Al2O3 
(prepared by a conventional wet impregnation procedure132) and Ti-Al M50 (prepared 
by co-hydrolysis133). Preparation details are available in Chapter 4. The single-phase 





Figure 6.47. 1H-27Al (9.4 T, 14 kHz MAS) D-HMQC 1D NMR spectra of (a) Ti-γ-Al2O3 and (b) Ti-Al 
M50, acquired using rec = 0.43 (blue), 0.86 (red) or 1.72 ms (green). In both (a) and (b), spectra have 




Figure 6.48. 1H-27Al (14.1 T, 40 kHz MAS) D-HMQC spectra of (a) Ti-γ-Al2O3, and (b) Ti-Al M50, 
acquired with τrec = 0.3 ms. (c) Schematic representations of the functional groups observed in the 




shows 1H MAS NMR spectra obtained for γ-Al2O3, Ti-γ-Al2O3 and Ti-Al M50. All 
display a single resonance at, or close to, 1H iso ≈ 4.5 ppm, assigned to adsorbed 
surface H2O.
22-24 A small downfield shift (~0.1 ppm) in the position of this peak is 
observed between γ-Al2O3 and Ti-Al M50. Such a finding is indicative that H2O 
species experience different surface environments, although it is difficult to discern in 
detail what these might be. To obtain more insight into the chemistry of the underlying 
support, 27Al NMR experiments were performed. Figure 6.46(a) shows 27Al DP NMR 
spectra acquired for γ-Al2O3, Ti-γ-Al2O3 and Ti-Al M50. All three display signals 
characteristic of Al(IV) and Al(VI) coordination environments, and, in the spectra of 
γ-Al2O3 and Ti-γ-Al2O3, low intensity corresponding Al(V) species are also observed. 
1H-27Al CP NMR experiments confirm that Al(V) sites are present on the surface of 
all three materials, as seen in Figure 6.46(b). The Al(V) resonance is notably more 
intense in the spectrum of Ti-γ-Al2O3, suggesting the possible formation of an Al/Ti 
interface, based on the prior findings in this chapter for Si-γ-Al2O3 materials. An 
increase in the intensity, relative to γ-Al2O3, of the Al(IV) signal in the spectra of Ti-
γ-Al2O3 and Ti-Al M50 is also evident, indicating that the surface of both materials 
has been altered by the addition of Ti to the structures.  
 
To explore the surface environments of the Ti-modified materials in more detail, 1H-
27Al D-HMQC experiments were performed using the SR421 scheme for dipolar 
recoupling.119 It has been shown that a 1D version of this sequence can be applied to 
obtain spectra edited based on spatial proximities of nuclei, in a similar way to the CP 
NMR experiment, but without being dependent on, for example, the T1ρ properties of 
those nuclei or the spin lock efficiency for each species.118 1H-27Al D-HMQC spectra 
acquired for Ti-γ-Al2O3 and Ti-Al M50 are displayed in Figure 6.47. In (a), the spectra 
of Ti-γ-Al2O3 feature a discernible Al(V) resonance which reduces in intensity as the 
recoupling duration is increased. In fact, at τrec = 1.72 ms, it is not observable at all, 
suggesting that pentacoordinated Al is in close proximity to protons and therefore is 
primarily at the surface of Ti-γ-Al2O3. Identifiable signal from Al(V) can be seen only 
in the spectrum of Ti-Al M50 at τrec = 0.43 ms, and has low intensity, implying the 
lack of an Al/Ti interface characteristic of surface overlayer formation. In the spectra 
of Ti-γ-Al2O3, the intensity of the Al(VI) peak decreases noticeably as a function of 
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increasing τrec, accompanied by a small increase in the intensity of the Al(IV) 
resonance. This observation suggests that octahedrally-coordinated Al species are 
more abundant near surface of the material, but that the amount of Al(IV) sites remains 
similar between surface and subsurface/bulk. By contrast, the equivalent peaks in the 
spectra of Ti-Al M50 exhibit different behaviour. As τrec increases, a more gradual 
decrease in the intensity of the Al(VI) resonance is observed, decreasing markedly 
only at the longest recoupling duration. This is accompanied by a more substantial 
increase in the intensity of the Al(IV) peak, although no change is seen between τrec = 
0.86 and 1.72 ms. This points towards there being two different morphologies in the 
underlying structures of Ti-γ-Al2O3 and Ti-Al M50. It would appear that the latter 
material is characterised by the presence of an increased amount of Al(VI) in the 
subsurface, relative to Ti-γ-Al2O3. Al(IV) also seem to be more abundant at lower 
layers of the Ti-Al M50 structure, whereas in Ti-γ-Al2O3 these species may be more 
uniformly dispersed. 
 
In Chapter 5, it was shown that the 2D D-HMQC experiment is able to provide detailed 
information on 1H-27Al correlations in γ-Al2O3. This approach has been extended to 
the characterisation of Ti-γ-Al2O3 and Ti-Al M50 using fast MAS and short τrec values 
(0.3 ms). Figure 6.48(a) displays the 1H-27Al 2D D-HMQC spectrum of Ti-γ-Al2O3. 
Resonances corresponding to Al(IV), Al(V) and Al(VI) in the 27Al dimension are 
observed, and all correlate with signal in the 1H dimension at δiso ≈ 3.5 ppm. Based on 
the results reported by Taoufik et al.,33 this resonance can be assigned to Al3-OH 
species on the surface of the material. Al(IV) and Al(VI) species are also seen to 
correlate with 1H δiso ≈ 4.5 ppm, which can be attributed to adsorbed surface water.
22-
24 Weak correlations are also observed between this species and Al(V). Figure 6.48(b) 
shows the D-HMQC spectrum of Ti-Al M50, where correlation between Al(IV) and 
Al(VI) species and adsorbed H2O is also observed. A resonance with low sensitivity 
is tentatively assigned to Al(V) species, although improved S/N is required in order to 
confirm this finding. In contrast to Ti-γ-Al2O3, all 
27Al signals only exhibit correlation 






Figure 6.49. (a) 27Al (14.1 T, 14 kHz MAS) z-filtered 3QMAS NMR spectra of γ-Al2O3 (blue), Ti-γ-Al2O3 
(red) and Ti-Al M50 (green). A shearing transformation has been applied to all spectra. (b) Cross 
sections parallel to δ1 extracted from the spectra shown in (a). * denotes a spinning sideband. 
 
on the surface of Ti-Al M50. These findings, taken together with those discussed 
earlier in the chapter, indicate two different types of alumina morphology. In Ti-γ-
Al2O3, the underlying γ-Al2O3 structure is maintained, resulting in a material that 
seems to be the Ti analogue of Si-γ-Al2O3, where only the surface has been modified. 
By contrast, Ti-Al M50 produces a distinctly different structure. Whilst a γ-Al2O3-like 
oxide component has been created, it is one that exhibits discernible local structural 






Table 6.6. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for the Al sites in γ-Al2O3, Ti-γ-Al2O3 and Ti-Al M50, obtained from the z-filtered 3QMAS 


































Figure 6.49(a) shows 27Al z-filtered 3QMAS spectra obtained for γ-Al2O3, Ti-γ-Al2O3 
and Ti-Al M50. By examining the lineshapes, the presence of two distinct Al(IV) sites 
can be identified. Confirmation of this finding was obtained by extracting cross 
sections parallel to δ1 from each 2D spectrum, which are free from the effects of 
second-order quadrupolar broadening. They are displayed in Figure 6.49(b), revealing 
that two Al(IV) sites are indeed present in all three materials, and furthermore, in γ-
   
Sample Al(IV) 
 <PQ> / MHz <δiso> (ppm) 
 (Site 1) (Site 2) (Site 1) (Site 2) 
γ-Al2O3 4.8 (3) 
77.1 
5.9 (3) 73 (2) 78 (2) 
Ti-γ-Al2O3 
 
5.2 (3) 6.2 (3) 74 (2) 80 (2) 
Ti-Al M50 4.3 (3) 5.1 (3) 72 (2) 77 (2) 
 Al(V) 
 <PQ> / MHz <δiso> (ppm) 
 (Site 1) (Site 2) (Site 1) (Site 2) 
γ-Al2O3 - 
77.1 
- - - 
Ti-γ-Al2O3 
 
4.3 (2) - 38 (1) - 
Ti-Al M50 - - - - 
 Al(VI) 
 <PQ> / MHz <δiso> (ppm) 
 (Site 1) (Site 2) (Site 1) (Site 2) 
γ-Al2O3 2.9 (3) 4.2 (3) 12 (2) 14 (2) 
Ti-γ-Al2O3 
 
3.3 (3) 3.9 (3) 12 (2) 15 (2) 




Figure 6.50. 17O (14.1 T, 14 kHz MAS) DP NMR spectra of (a) γ-Al2O3 (blue), (b) Ti-γ-Al2O3 (red) and 
(c) Ti-Al M50 (green), 17O-enriched at 500 °C for 12 h. * denotes a spinning sideband.  
 
Al2O3 and Ti-γ-Al2O3, two distinct Al(VI) sites are also observed. A resonance 
attributed to pentahedral Al species is seen only in the spectrum of Ti-γ-Al2O3. This is 
consistent with the results obtained from the 1H-27Al CP and D-HMQC experiments 
discussed previously. Extraction of NMR parameters for each of the observed Al sites 
was carried out, and the results are given in Table 6.6. All three samples display an 
Al(IV) average PQ value for one site that is higher than the other. A similar finding 
was reported by Lee et al.34 for γ-Al2O3, and they postulated that the tetrahedral site 
with higher CQ resides in the disordered subsurface. These authors reported a CQ value 
of 7.5 MHz for this second Al(IV) though, which is ~1 MHz larger (accounting for




Figure 6.51. 17O (14.1 T, 14 kHz MAS) DP NMR spectra of TiO2 (anatase) (black) and Ti-Al M50 
(green), 17O-enriched at 500 °C for 12 h. * denotes a spinning sideband. 
 
errors) than those observed here, implying that in the present case, the observed sites 
may be located further into the bulk of the materials. The same trend can be seen in 
the Al(VI) values extracted for γ-Al2O3 and Ti-γ-Al2O3, once again in the same range 
as previously reported.34 Lee et al. did, however, observe a third octahedral Al site 
with a higher CQ (6.6 MHz) that was not seen in the present work, although it is 
expected that it would significantly overlap with at least one of the other Al(VI) 
lineshapes. Both the PQ and δiso values for Al(V) in Ti-γ-Al2O3 are in good agreement 
with those extracted from dehydrated γ-Al2O3, discussed in Chapter 5, confirming that 
these are surface species. Only one Al(VI) is readily observable in Ti-Al M50, though 
it does not exhibit a substantially different average PQ value. This lends support to the 






Figure 6.52. 17O z-filtered 3QMAS NMR spectra of γ-Al2O3 (blue), Ti-γ-Al2O3 (red) and Ti-Al M50 
(green), 17O-enriched at 500 °C for 12 h, acquired at (a-c) 14.1 T and 14 kHz MAS and (d) 9.4 T and 
14 kHz MAS. A shearing transformation has been applied to all spectra. Peak assignments are as 
follows: 1 = Al-O-Al (OAl4); 2 = Al-O-Al (OAl3); 3 = Ti-O-Ti (OTi3). 
 
somewhat from the end member by being part of an Al-Ti mixed material. The 
presence of a shoulder on this peak suggests that a second Al(VI) site may also be 
present, but would require high external field strength in order to be resolved. In the 
previous section of this chapter, 17O gas exchange enrichment and NMR spectroscopy 
was demonstrated to be an effective approach for characterising γ-Al2O3 and Si-γ-
Al2O3 materials. Therefore, it was decided that this method could be extended to the 
analysis of Ti-aluminas, and a preliminary study was carried out. Figure 6.50 shows 




Table 6.7. NMR parameters (average quadrupolar product, <PQ> and average isotropic chemical shift, 
<δiso>) for the O sites in γ-Al2O3, Ti-γ-Al2O3 and Ti-Al M50, obtained from the z-filtered 3QMAS spectra 
in Figure 6.52. 
 
enriched at 500 °C for 12 h. All three spectra display signals in the region from ca. 
−50 to 100 ppm, consistent with those previously identified in γ-Al2O3. The relative 
intensities of the peaks attributed to OAl4 and OAl3 environments are seen to vary 
between the three materials. In particular, in the spectrum of Ti-Al M50, the OAl3 
resonance is comparatively much more intense than that for OAl4, possibly suggesting 
that this type of Al-O-Al linkage is more prevalent in this material, although the reason 
behind this observation is not presently known. Another signal is also present in the 
spectrum of Ti-Al M50 at 17O δ ≈ 560 ppm, which was not detected in the other two 
materials despite extensive signal averaging. Figure 6.51 shows 17O DP NMR spectra 
of this spectral region acquired for samples of Ti-Al M50 and TiO2 (anatase) (both 
17O-enriched at 500 °C for 12 h). By comparing these two spectra, it can be determined 
that the peak at 17O δ ≈ 560 ppm corresponds to a bridging Ti-O-Ti oxygen in a OTi3 
arrangement, as in prior studies of TiO2 (anatase).
134,135 The good agreement between 
the chemical shifts in each spectrum raises the possibility that Ti-Al M50 may be partly 
comprised of anatase. Comparison of PXRD patterns of TiO2 and Ti-Al M50 (shown 
in Appendix E) demonstrate that a crystalline anatase phase is not seen in the latter 
material, where primarily peaks from amorphous γ-Al2O3 are present.
136-138 However, 
a peak at low angle (~25°) is also present which may correspond to TiO2 nanoparticles, 
as the PXRD pattern of Ti-Al M50 matches well with published data for mixed TiO2-
Al2O3 nanoparticle composite materials.
139-141 These results, together with those 
obtained from solid-state NMR spectroscopy, suggest that Ti-Al M50 may be a two-
phase solid composed of nanoparticle TiO2 (anatase) and γ-Al2O3, featuring a poor 
degree of mixing between the two phases. This latter proposal may explain why no 
Site γ-Al2O3 Ti-γ-Al2O3 Ti-Al M50 
 <PQ> / MHz <δiso> 
(ppm) 
<PQ> / MHz <δiso> 
(ppm) 
<PQ> / MHz <δiso> 
(ppm) 
 OAl4 1.5 (3) 73 (3) 1.4 (3) 66 (3) 1.5 (3) 69 (3) 
 OAl3 2.3 (3) 57 (3) 2.4 (3) 60 (3) 2.3 (3) 60 (3) 
OTi3 - - - - 1.6 (2) 561 (2) 
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17O NMR signals from Ti-O-Al species could be identified. Based on the work of 
O’Dell et al.,142 such resonances are expected to lie in the 17O spectral region between 
400 and 450 ppm, but experiments using a Si3N4 rotor, variable MAS rates (to avoid 
the ZrO2 rotor signal/spinning sidebands obscuring possible peaks) and extensive 
signal averaging did not yield any detectable resonances. 
 
Figure 6.52 shows 17O z-filtered 3QMAS NMR spectra acquired for γ-Al2O3, Ti-γ-
Al2O3 and Ti-Al M50. For the Ti-modified materials, the presence of two resonances 
can be identified, and these match well with the position of peaks in the spectrum of 
γ-Al2O3. As discussed in the previous section of this chapter, these can be assigned to 
OAl4 and OAl3 species. NMR parameters extracted for each site in the three spectra in 
Figure 6.52(a-c) are given in Table 6.7. There is very little variation in either average 
PQ or δiso values between the materials, indicating that a γ-Al2O3-type phase is present 
in both Ti-γ-Al2O3 and Ti-Al M50. In the 3QMAS NMR spectrum of Ti-Al M50 
obtained at a field strength of 14.1 T, no resonance was detected for the previously 
identified Ti-O-Ti (OTi3) site owing to low CQ.
9,10 Figure 6.52(d) presents the 17O z-
filtered 3QMAS NMR spectrum of Ti-Al M50, acquired at a lower external field 
strength of 9.4 T. Under these conditions, a resonance at 17O δ2 ≈ 560 ppm can be 
observed and NMR parameters extracted. As evidenced from its relatively sharp 
appearance in the 17O MAS NMR spectrum of Ti-Al M50, this site possesses a 
relatively small average PQ value of 1.6 MHz, and an average δiso value of 561 ppm. 
These figures are in reasonable agreement with published data for TiO2 (anatase)
134,135 
and titania sol-gel materials containing OTi3 sites.
143 Furthermore, the average δiso 
value agrees very well with prior 17O NMR studies of TiO2 (anatase) nanoparticles,
144 
adding to prior evidence that suggests that this type of phase may be present, along 
with a γ-Al2O3-type phase, in Ti-Al M50. These interesting preliminary findings merit 




The work presented in this chapter has demonstrated that multinuclear solid-state 
NMR spectroscopy is able to offer detailed insights into the structure of silicate 
202 
 
alumina model catalysts. It has shown that a combination of isotopic enrichment and 
DNP NMR spectroscopy can provide a definitive and fully quantitative description of 
the surface structure of silica-modified alumina catalysts, even at a silica loading of 
1.5 wt%. The combination of the increased amount of information available as a result 
of the DNP enhancement, and the ability to obtain quantitative spectra using isotopic 
enrichment, affords a more rigorous quantitative interpretation of 29Si spectra, and a 
detailed understanding of the nature of the Si-Al interface. Analysis of silicated 
aluminas prepared by sequential grafting and “single shot” approaches has shown that 
silica growth on γ-Al2O3 can follow two distinct morphologies. The sequential grafting 
method results in the build-up of 3D silica layers via an “island stacking” process, 
whereas the “single shot” approach results in a mixed growth morphology consisting 
of 2D islands accompanied by the formation of amorphous SiO2 “ball” structures. It 
has also been revealed that long term ageing of the non-calcined analogue of this 
second sample promotes the formation of a structure with a greater proportion of 
silicate Qn species than its calcined counterpart.  
 
Post synthetic enrichment by 17O gas exchange has been demonstrated to be very 
successful in facilitating 17O solid-state NMR studies of γ-Al2O3 and Si-γ-Al2O3 
materials. Using this method, the presence of two (γ-Al2O3) and four (Si-γ-Al2O3 (1.5 
wt% Si)) distinct oxygen environments has been revealed. The dependence of 16O/17O 
exchange on heating temperature has also been highlighted, with elevated 
temperatures found to favour isotopic enrichment of the underlying γ-Al2O3 structure 
in Si-γ-Al2O3 (1.5 wt% Si). Preliminary 
17O NMR studies on Si-γ-Al2O3 4th graft (5.2 
wt% Si) have indicated that a Si-O-Si oxygen environment, similar to that found in 
amorphous silica, is present in the material, consistent with both Si “stacked” islands 
and amorphous SiO2 “ball” structures. It has been demonstrated that double (
29Si and 
17O) enrichment of Si-γ-Al2O3 (1.5 wt% Si) is able to facilitate access to 
29Si-17O 2D 
correlation experiments, even at low silica loading. It is found that, although the 17O 
gas exchange process induces some hydrolysis of Si-O-Si units in the silicated alumina 
overlayer, it causes no significant overall change to the nature of the silica structure. 
Notably, Q4 Si units are seen to primarily correlate with OAl3 and OAl4 O species, 
rather than with Si-O-Si oxygens. This finding has been interpreted in terms of strong 
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dipolar connectivity between these species, which is observable due to the through-
space nature of the 29Si-17O D-HMQC experiment.  
 
A preliminary investigation of Ti-alumina model catalysts has been undertaken using 
1H, 27Al and 17O solid-state NMR techniques. It has been revealed that two Al(IV) and 
Al(VI) sites are present in the structure of γ-Al2O3, a finding that was not initially 
evident. Preliminary results have shown that, whilst Ti-γ-Al2O3 can be described as a 
surface modified γ-Al2O3 material, similar to Si-γ-Al2O3, Ti-Al M50 may be 
morphologically distinct. It is tentatively proposed that the latter material is a 
combined phase TiO2-Al2O3 composed of TiO2 (anatase) nanoparticle and γ-Al2O3-
like phases, that could be distinct, exhibiting a low degree of connectivity. Additional 
investigations into these complex materials are however necessary in order to 
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Prog. Org. Coat., 2012, 74, 281. 
81. F. Asaro, A. Benedetti, N. Savko, and G. Pellizer, Langmuir, 2009, 25, 3224. 
82. S. E. Ashbrook and M. E. Smith, Chem. Soc. Rev., 2006, 35, 718. 
208 
 
83. S. E. Ashbrook and M. E. Smith, in Oxygen-17 NMR of Inorganic Materials, 
eMagRes, Wiley, Chichester, 2011. 
84. S. E. Ashbrook and I. Farnan, Solid State Nucl. Magn. Reson., 2004, 26, 105. 
85. S. Schramm and E. Oldfield, J. Am. Chem. Soc., 1984, 106, 2502. 
86. H. K. C. Timken, G. L. Turner, J.-P. Gilson, L. B. Welsh and E. Oldfield, J. 
Am. Chem. Soc., 1986, 108, 7231. 
87. N. Janes and E. Oldfield, J. Am. Chem. Soc., 1986, 108, 5743. 
88. T. H. Walter, G. L. Turner and E. Oldfield, J. Magn. Reson., 1988, 76, 106. 
89. E. Oldfield, C. Coretsopoulos, S. Yang, L. Reven, H. C. Lee, J. Shore, O. H. 
Han, E. Ramli and D. Hinks, Phys. Rev. B, 1989, 40, 6832. 
90. T. H. Walter and E. Oldfield, J. Phys. Chem., 1989, 93, 6744. 
91. R. K. Harris, M. J. Leach and D. P. Thompson, Chem. Mater., 1992, 4, 260. 
92. A. V. Chadwick, I. J. F. Poplett, D. T. S. Maitland and M. E. Smith, Chem. 
Mater., 1998, 10, 864. 
93. B. O. Skadtchenko, Y. Rao, T. F. Kemp, P. Bhattacharya, P. A. Thomas, M. 
Trudeau, M. E. Smith and D. M. Antonelli, Angew. Chem. Int. Ed., 2007, 46, 
2635. 
94. G. P. M. Bignami, D. M. Dawson, V. R. Seymour, P. S. Wheatley, R. E.  Morris 
and S. E. Ashbrook, J. Am. Chem. Soc., 2017, 139, 5140. 
95. J. E. Readman, N. Kim, M. Ziliox and C. P. Grey, Chem. Commun., 2002, 23, 
2808. 
96. J. E. Readman, C. P. Grey, M. Ziliox, L. M. Bull and A. Samoson, Solid State 
Nucl. Magn. Reson., 2004, 26, 153. 
97. L. Peng, Y. Liu, N. Kim, J. E. Readman and C. P. Grey, Nat. Mater., 2005, 4, 
216. 
98. L. Peng, H. Huo, Z. Gan and C. P. Grey, Micropor. Mesopor. Mater., 2008, 
109, 156. 
99. M. Wang, X.-P. Wu, S. Zheng, L. Zhao, L. Li, L. Shen, Y. Gao, N. Xue, X. 
Guo, W. Huang, Z. Gan, F. Blanc, Z. Yu, X. Ke, W. Ding, X.-Q. Gong, C. P. 
Grey and L. Peng, Sci. Adv., 2015, 1, e1400133. 
100. M. A. Hope, D. M. Halat, P. C. M. M. Magusin, S. Paul, L. Peng and C. P. 
Grey, Chem. Commun., 2017, 53, 2142. 
209 
 
101. C. A. Klug, S. Kroeker, P. M. Aguiar, M. Zhou, D. F. Stec and I. E. Wachs, 
Chem. Mater., 2009, 21, 4127. 
102. B. Chen and Y. Huang, J. Am. Chem. Soc., 2006, 128, 6437. 
103. J. V. Oglesby, P. Zhao and J. F. Stebbins, Geochim. Cosmochim. Acta, 2002, 
66, 291. 
104. S. K. Lee, J. F. Stebbins, C. A. Weiss and R. J. Kirkpatrick, Chem. Mater., 
2003, 15, 2605. 
105. N. Merle, J. Trébosc, A. Baudouin, I. Del Rosal, L. Maron, K. Szeto, M. 
Genelot, A. Mortreux, M. Taoufik, L. Delevoye and R. M. Gauvin, J. Am. 
Chem. Soc., 2012, 134, 9263. 
106. B. C. Schmidt, F. Gaillard and M. E. Smith, Solid State Nucl. Magn. Reson., 
2004, 26, 197. 
107. U.-T. Pingel, J.-P. Amoureux, T. Anupold, F. Bauer, H. Ernst, C. Fernandez, 
D. Freude and A. Samoson, Chem. Phys Lett., 1998, 294, 345. 
108. A. Lafuma, F. Fayon, D. Massiot, S. Chodorowski-Kimmès and C. Sanchez, 
Magn. Reson. Chem., 2003, 41, 944. 
109. C. Gervais, M. Profeta, F. Babonneau, C. J. Pickard and F. Mauri, J. Phys. 
Chem. B, 2004, 108, 13249. 
110. J. F. Stebbins, J. V. Oglesby and S. Kroeker, Am. Mineral., 2001, 86, 1307. 
111. P. J. Dirken, S. C. Kohn, M. E. Smith and E. R. H. van Eck, Chem. Phys. 
Lett., 1997, 266, 568. 
112. A. Ionescu, A. Allouche, J.-P. Aycard, M. Rajzmann and F. Hutschka, J. 
Phys. Chem. B, 2002, 106, 9359. 
113. R. Wischert, P. Laurent, C. Copéret, F. Delbecq and P. Sautet, J. Am. Chem. 
Soc., 2012, 134, 14430. 
114. C. Pecharromán, I. Sobrados, J. E. Iglesias, T. González-Carreño and J. Sanz, 
J. Phys. Chem. B, 1999, 103, 6160. 
115. L. A. O’Dell, S. L. P. Savin, A. V. Chadwick and M. E. Smith, Solid State 
Nucl. Magn. Reson., 2007, 31, 169. 
116. E. R. H. van Eck, M. E. Smith and S. C. Kohn, Solid State Nucl. Magn. 
Reson., 1999, 15, 181. 
210 
 
117. S. Lamouria, M. Hamidouche, N. Bouaouadja, H. Belhouchet, V. Garnier, G. 
Fantozzi and J. F. Trelkat, Bol. Soc. Esp. Ceram. V., 2017, 56, 47. 
118. G. Tricot, J. Trébosc, F. Pourpoint, R. Gauvin and L. Delevoye, Annu. Rep. 
NMR Spectrosc., 2014, 81, 145. 
119. A. Brinkmann and A. P. M. Kentgens, J. Am. Chem. Soc., 2006, 128, 14758. 
120. Z. Gan, P. Gor’kov, T. A. Cross, A. Samoson and D. Massiot, J. Am. Chem. 
Soc., 2002, 124, 5634. 
121. J.-P. Amoureux, J. Trébosc, L. Delevoye, O. Lafon, B. Hu and Q. Wang, Solid 
State Nucl. Magn. Reson., 2009, 35, 12. 
122. B. Bouchevreau, C. Martineau, C. Mellot-Draznieks, A. Tuel, M. R. 
Suchomel, J. Trébosc, O. Lafon, J.-P. Amoureux and F. Taulelle, Chem. Eur. 
J., 2013, 19, 5009. 
123. B. Bouchevreau, C. Martineau, C. Mellot-Draznieks, A. Tuel, M. R. 
Suchomel, J. Trébosc, O. Lafon, J.-P. Amoureux and F. Taulelle, Chem. 
Mater., 2013, 35, 2227. 
124. B. O’Regan and M. Grätzel, Nature, 1991, 353, 737. 
125. U. Bach, D. Lupo, P. Comte, J. E. Moser, F. Weissörtel, J. Salbeck, H. 
Spreitzer and M. Grätzel, Nature, 1998, 395, 583.  
126. G. W. Wagner, L. R. Procell and S. Munavalli, J. Phys. Chem. C, 2007, 111, 
17564. 
127. Q. Wang, W. Ma, Q. Tong, G. Du, J. Wang, M. Zhang, H. Jiang, H. Yang, Y. 
Liu and M. Cheng, Sci. Rep., 2017, 7:7209. 
128. J. M. Fraile, C. Gil, J. A. Mayoral, B. Muel, L. Roldán, E. Vispe, S. Calderón 
and F. Puente, Appl. Catal. B, 2016, 180, 680. 
129. L. P. Rivoira, V. A. Vallés, B. C. Ledesma, M. V. Ponte, M. L. Martinez, O. 
A. Anunziata and A. R. Beltramone, Catal. Today, 2016, 271, 102. 
130. A. M. Venezia, V. La Parola, L. F. Liotta, G. Pantaleo, M. Lualdi, M. 
Boutonnet and S. Järås, Catal. Today, 2012, 197, 18. 
131. G. M. Dahr, B. N. Srinivas, M. S. Rana, M. Kumar and S. K. Maity, Catal. 
Today, 2003, 86, 45. 
132. J. B. Rosenholm, H. Rahiala, J. Puputti, V. Stathopoulos, P. Pomonis, I. 
Beurroies and K. Backfolk, Colloids Surf. A, 2004, 250, 289. 
211 
 
133. C. Lahousse, F. Maugé, J. Bachelier and J-C. Lavalley, J. Chem. Soc. 
Faraday Trans., 1995, 9, 2907. 
134. T. J. Bastow and S. N. Stuart, Chem. Phys., 1990, 143, 459. 
135. X. Sun, M. Dyballa, J. Yan, L. Li, N. Guan and M. Hunger, Chem. Phys. 
Lett., 2014, 594, 34. 
136. M. Vahtrus, M. Umalas, B. Polyakov, L. Dorogin, R. Saar, M. Tamme, K. 
Saal, R. Lõhmus and S. Vlassov, Mater. Charact., 2015, 107, 119. 
137. V. P. Pakharukova, D. A. Yatsenko, E. Yu. Gerasimov, A. S. Shalygin, O. 
N. Martyanov, S. V. Tsybulya, J. Solid State Chem., 2017, 246, 284. 
138. M. Rezaee, S. M. M. Khoie and K. H. Liu, CrystEngComm, 2011, 13, 5055. 
139. D. Reyes-Coronado, G. Rodríguez-Gattorno, M. E. Espinosa-Pesqueira, C. 
Cab, R. de Coss and G. Oskam, Nanotechnology, 2008, 19, 145605. 
140. B. M. Reddy, G. K. Reddy, K. N. Rao, I. Ganesh and J. M. F. Ferreira, J. 
Mater. Sci., 2009, 44, 4874. 
141. M. A. Ahmed and M. F. Abdel-Messih, J. Alloys Compd., 2011, 509, 2154. 
142. L. A. O’Dell, S. L. P. Savin, A. V. Chadwick and M. E. Smith, J. Phys. 
Chem. C, 2007, 111, 13740. 
143. T. J. Bastow, A. F. Moodie, M. E. Smith and H. J. Whitfield, J. Mater. Chem., 
1993, 3, 697. 







Chapter 7. Conclusions 
 
This thesis focussed on the applications of advanced one- and two-dimensional 
multinuclear solid-state NMR experiments to the characterisation of a variety of 
industrially-relevant catalyst materials. 
 
In Chapter 5, 1H and 27Al solid-state NMR spectroscopy was utilised for an in-depth 
investigation of alumina-based supported metal catalysts. 1H-27Al CP and D-HMQC 
experiments applied on unmodified γ-Al2O3 conclusively demonstrated the existence 
of Al(V) sites on the surface of this material. It was shown that removal of adsorbed 
H2O may facilitate a rearrangement effect on the surface of γ-Al2O3 that promotes the 
generation of pentacoordinated Al species. Analysis of Co-γ-Al2O3 model catalysts 
indicated that a metal-support interaction (MSI) does exist in many of these systems, 
and is strongest for materials that contain small, well dispersed Co3O4 crystallites. It 
was found that methods based on incipient wetness impregnation may promote the 
formation of a MSI to a far greater extent than colloidal approaches, a preparation 
route which tends to favour the formation of co-mixtures composed of self-contained 
Co oxide “nanocubes”.1 
 
It was shown via 1H MAS NMR that, although the deposition of Co3O4 onto the 
surface of γ-Al2O3 effectively removes OH functionality, the hygroscopic nature of 
this system allows the extent of the MSI to be visualised by observing the extent of the 
proton-metal oxide interaction, via the presence of adsorbed H2O. As a result, in these 
materials, water was found to be both adventitious and advantageous. Results obtained 
from 1H-27Al CP and 27Al z-filtered 3QMAS experiments indicated that Al(IV) 
environments are the preferential binding site for Co oxide crystallites on the surface 
of γ-Al2O3. It was also shown that this was likely to be the case for Co spinel aluminate 
materials. Additionally, the surface chemistry of the diamagnetic analogue MgAl2O4 
was investigated, with MgOH and AlOH environments being identified. It was also 
demonstrated that two types of Al(VI) species are present in MgAl2O4, CoAl2O4 and 
Co-CoAl2O4, one of which may be located closer to the surface of the spinels. These 
findings, whilst having provided valuable insights into the structures of supported 
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metal catalysts, demonstrated that additional, detailed investigations will be necessary 
to fully understand the surface/bulk chemistry of these complex materials.  
 
Chapter 6 presented work using multinuclear solid-state NMR spectroscopy to provide 
detailed insights into the structure of several silicated alumina model catalysts. It was 
shown that a combination of isotopic enrichment and DNP NMR spectroscopy can 
provide a definitive and fully quantitative description of the surface structure of Si-γ-
Al2O3 (1.5 wt% Si), and the role of adventitious surface H2O was uncovered. It was 
found that this H-bonded water forms a sufficiently dense proton network at the silica 
surface, mediating efficient polarisation transfer to all Si species, regardless of their 
chemical nature and hydroxyl functionality. It was determined that the combination of 
the increased amount of information available from the DNP enhancement and the 
ability to obtain quantitative spectra using isotopic enrichment, affords a more 
rigorous, quantitative interpretation of 29Si spectra, and a detailed understanding of the 
nature of the Si-Al interface. Analysis of silicated aluminas prepared by sequential 
grafting and “single shot” approaches showed that silica growth on γ-Al2O3 results in 
two distinct morphologies. Sequential silica grafting was shown to result in the build-
up of 3D layers through an “island stacking” process, whereas the “single shot” 
approach results in a mixed growth morphology consisting of silica island moieties 
accompanied by the formation of amorphous SiO2 “ball” structures. It was also 
revealed that long term ageing of as-made “single shot” silicated alumina promotes 
the formation of a structure possessing a greater proportion of silicate Qn species than 
the calcined version.  
 
Post-synthetic exchange with 17O gas was demonstrated to be very successful in 
facilitating 17O solid-state NMR studies of γ-Al2O3 and Si-γ-Al2O3 materials. Using 
this method, the presence of two (γ-Al2O3) and four (Si-γ-Al2O3 (1.5 wt% Si)) distinct 
oxygen environments was revealed. The dependence of 16O/17O exchange on heating 
temperature has also been highlighted, with conditions of 700 °C for 12 h found to 
facilitate more uniform isotopic enrichment of the underlying alumina structure in Si-
γ-Al2O3 (1.5 wt% Si). Preliminary 
17O NMR studies on Si-γ-Al2O3 4th graft (5.2 wt% 
Si) indicated that an amorphous silica-type of oxygen environment is present in this 
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material, consistent with both “stacked” silica islands and amorphous SiO2 “ball” 
structures. These results demonstrate that 17O NMR spectroscopy has the potential to 
be used to investigate other materials in the Si-γ-Al2O3 sequential grafting series. It 
was shown that 29Si and 17O double-enrichment of Si-γ-Al2O3 (1.5 wt% Si) can allow 
access to 29Si-17O 2D correlation experiments, even at low silica loading. It was 
observed that Q4(3Al) bridging Si units primarily correlate with OAl3 and OAl4 
oxygen species, rather than with Si-O-Si oxygens, as might have been expected. This 
finding was interpreted in terms of strong dipolar connectivity between these Si and O 
species, which is observable due to the through-space nature of the 29Si-17O D-HMQC 
experiment. Future work in this area could potentially include additional sequences 
such as J-HMQC2 and MQ-INEPT,3,4 in order to probe through-bond connectivities 
and provide increased resolution, respectively. It was also discovered that, although 
the 17O gas exchange enrichment process induces hydrolysis of Si-O-Si units in the 
silicated alumina overlayer, it causes no overall change to the nature of the surface 
silica structure. 
 
A preliminary investigation of Ti-alumina model catalysts was also carried out using 
1H, 27Al and 17O solid-state NMR techniques. It was revealed that two Al(IV) and 
Al(VI) sites are present in the structure of γ-Al2O3. Initial results highlighted that, 
whilst Ti-γ-Al2O3 can be described as a surface modified γ-Al2O3 structure, (similar to 
Si-γ-Al2O3), Ti-Al M50 may be morphologically distinct. Evidence indicated that the 
latter material may be a combined phase TiO2-Al2O3 composed of TiO2 (anatase) 
nanoparticles and γ-Al2O3-like phases exhibiting a poor degree of mixing. These 
findings showed that additional analysis is necessary to substantiate these initial 
determinations. Multi-temperature 17O gas exchange enrichment studies, 2D 
correlation experiments, and potentially 47,49Ti solid-state NMR spectroscopy, are 
proposed as possible avenues for future investigations of these systems. The use of 
complementary analytical techniques such as PXRD, XPS and electron microscopy 
would also be highly beneficial to such studies. Additionally, the study of Ti-γ-Al2O3 
samples with variable Ti loading and TiO2-Al2O3 materials with a high degree of 




In summary, the work presented in this thesis demonstrated that multinuclear solid-
state NMR spectroscopy is an effective, versatile, and robust tool for the 
characterisation of catalytically-relevant oxide materials, that offers great potential for 
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Appendix A. Extended Figure Captions 
 
The figure captions in this appendix provide full solid-state NMR experimental details 
for the spectra presented in the relevant figures. The revised Hartman-Hahn match 
condition for CP experiments, and any pulses or delays used were experimentally 
optimised prior to spectral acquisition. For 2D experiments, the quadrature detection 
methods of States et al.1 or Marion et al.2 were used to achieve sign discrimination in 




Figure 1.1. 1H (14.1 T, 55 kHz MAS) NMR spectrum of L-alanine (structure shown 
in figure), with resonance assignments for each of the three H environments. The 
spectrum was acquired by averaging 16 transients separated by a recycle interval of 1 
s. A spin echo pulse sequence was used with τ = 16.95 μs. ν1 ≈ 100 kHz. 
 
Figure 1.2. 1H-29Si (9.4 T, 10 kHz MAS and τCP = 1 ms) CP NMR spectrum of 
powdered octakis(trimethylsiloxy)silsesquioxane (Q8M8) with resonance 
assignments for each type of Si environment present. The spectrum was acquired by 
averaging 8 transients separated by a recycle interval of 10 s. The contact pulse was 
implemented using a ramped pulse (90-100%) applied to 1H. 1H decoupling was 
carried out using the TPPM-15 decoupling sequence3 with ν1 ≈ 100 kHz. 
 
Figure 1.3. 29Si (14.1 T, 18 kHz MAS) NMR spectrum of a silicon phosphate material, 
accompanied by resonance assignments for the two types of Si coordination 
environment present. The spectrum was acquired by averaging 752 transients 
separated by a recycle interval of 15 s. ν1 ≈ 83 kHz. 
 
Figure 1.4. 27Al (14.1 T, 14 kHz MAS) NMR spectrum of zeolite USY, with resonance 
assignments for the three types of Al-O coordination environment present. The 
spectrum was acquired by averaging 512 transients separated by a recycle interval of 
1 s. ν1 ≈ 90 kHz. 
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Figure 1.5. 17O (14.1 T, 14 kHz MAS) NMR spectra of 17O enriched (a) TiO2 (anatase) 
and (b) MgO, along with resonance assignments for the O environments present in each 
material. In (a), the spectrum was acquired by averaging 2048 transients separated by 
a recycle interval of 3 s. ν1 ≈ 60 kHz. In (b), the spectrum was acquired by averaging 
2 transients separated by a recycle interval of 10 s. A saturation train was used to 




Figure 2.4. The effect of signal averaging on the 13C MAS NMR spectrum (9.4 T, 14 
kHz MAS) of the CH3 site (δ = 20.5 ppm) of L-alanine. The left spectrum was acquired 
by averaging 16 transients separated by a recycle interval of 10 s. The right spectrum 
was acquired by averaging 128 transients separated by a recycle interval of 10 s. ν1 ≈ 
63 kHz for both spectra. 1H decoupling was carried out using the TPPM-15 decoupling 
sequence3 with ν1 ≈ 91 kHz for both spectra. 
 
Chapter 3  
 
Figure 3.1. (a) Schematic representation of the experimental setup for MAS. (b) 
Photograph of a 7 mm rotor used for spinning solid samples at a maximum MAS rate 
of 7 kHz. (c) 13C (9.4 T) NMR spectrum of a static sample of 1[13C]-glycine. (d) 13C 
(9.4 T, 10 kHz MAS) NMR spectrum of 1[13C]-glycine. * denotes a spinning sideband. 
In (c) and (d), spectra were acquired by averaging 16 transients separated by a recycle 
interval of 20 s. ν1 ≈ 125 kHz for both spectra. 
 
Figure 3.2. 119Sn (9.4 T) NMR spectra of SnO2 acquired at several different MAS 
rates. The isotropic resonance is broadened by the CSA interaction. δiso = −604 ppm, 
Ω = 126 ppm and κ = 1 (δ11 = δ22 = −563 ppm, δ33 = −687 ppm). The spectrum of the 
static sample was acquired by averaging 64 transients separated by a recycle interval 
of 30 s. A spin echo pulse sequence was used with τ = 20 μs. ν1 ≈ 100 kHz. The spectra 
of SnO2 rotated at νR = 2-10 kHz were acquired by averaging 16 transients separated 
by a recycle interval of 30 s. ν1 ≈ 125 kHz for all MAS spectra. 
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Figure 3.5. (a) 13C (9.4 T, 14 kHz MAS) DP (blue) and CP (red, τCP = 0.5 ms) MAS 
NMR spectra of the C=O resonance of glycine (structure also shown). (b) Schematic 
depicting the pulse sequence for the CP experiment. In (a), the DP NMR spectrum was 
acquired by averaging 16 transients separated by a recycle interval of 20 s. ν1 ≈ 63 
kHz. 1H decoupling was carried out using the TPPM-15 decoupling sequence3 with ν1 
≈ 91 kHz. The CP NMR spectrum was acquired by averaging 16 transients separated 
by a recycle interval of 1 s. The contact pulse was implemented using a ramped pulse 
(90-100%) applied to 1H. 1H decoupling was carried out using the TPPM-15 
decoupling sequence3 with ν1 ≈ 91 kHz. 
 
Figure 3.6. 17O (14.1 T, 14 kHz MAS) (a) DP and (b) CP (from 1H, τCP = 0.4 ms) 
NMR spectra of 17O-enriched γ-Al2O3. * denotes a spinning sideband. In (a), the 
spectrum was acquired by averaging 1024 transients separated by a recycle interval of 
3 s. In (b), spectrum was acquired by averaging 4096 transients separated by a recycle 
interval of 0.5 s. The contact pulse was implemented using a ramped pulse (90-100%) 
applied to 1H. 1H decoupling was carried out using continuous wave decoupling with 
ν1 ≈ 66 kHz. 
 
Figure 3.7. 13C (9.4 T, 10 kHz MAS) DP NMR spectra of 1[13C]-glycine (a) without 
1H decoupling and (b) with 1H TPPM decoupling. Expansions of the isotropic 
resonances are also shown inset. * denotes a spinning sideband. In (a), the spectrum 
was acquired by averaging 16 transients separated by a recycle interval of 20 s. ν1 ≈ 
125 kHz. In (b), the spectrum was acquired by averaging 16 transients separated by a 
recycle interval of 20 s. ν1 ≈ 125 kHz. 
1H decoupling was carried out using the TPPM-
15 decoupling sequence3 with ν1 ≈ 100 kHz. 
Figure 3.8. 1H (9.4 T, 9.091 kHz MAS) NMR spectra of L-alanine (a) without and (b) 
with eDUMBO-122 homonuclear decoupling
4 during acquisition. In (b), a scaling 
factor of 0.50 has been applied to correct the chemical shift axis. * denotes a spinning 
sideband. Both spectra were acquired by averaging 32 transients separated by a recycle 
interval of 5 s. ν1 ≈ 100 kHz. In (b) an eDUMBO-122 shaped pulse of 32 μs was applied 
with ν1 ≈ 100 kHz and phase angle = 120°. 
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Figure 3.10. (a) Pulse sequence for a CP HETCOR experiment. (b) 1H-27Al (9.4 T, 14 
kHz MAS, τCP = 0.8 ms) CP HETCOR spectrum of partially dehydrated γ-Al2O3. 
Assignments for Al and H resonances are shown next to the projections of each 
dimension. In (b), the spectrum is the result of averaging 944 transients separated by 
a recycle interval of 1 s, for each of 60 t1 increments of 17.86 μs. The contact pulse 
was implemented using a ramped pulse (90-100%) applied to 1H. 1H decoupling was 
carried out using continuous wave decoupling with ν1 ≈ 41 kHz. The spectrum shown 
was processed with 50 Hz Lorentzian broadening in the 27Al dimension. 
 
Figure 3.12. (a) Pulse sequence and coherence pathway for a refocused 
INADEQUATE experiment.5 In this version, CP is used to enhance initial 13C 
magnetisation. (b) 13C-13C (9.4 T, 10 kHz MAS, τ = 3 ms) refocused INADEQUATE5 
spectrum (with CP from 1H, where τCP = 0.5 ms) of U[
13C]-L-alanine. Solid black lines 
indicate correlations between directly bonded 13C species. The solid grey line denotes 
the δDQ = 2δSQ autocorrelation diagonal.  ♦ indicates a relayed anti-phase peak resulting 
from two nuclei that are not covalently bonded, but share a common coupling partner.6 
* denotes a spinning sideband. In (b), the spectrum is the result of averaging 32 
transients separated by a recycle interval of 0.75 s, for each of 480 t1 increments of 20 
μs. The CP contact pulse was implemented using a ramped pulse (90-100%) applied 
to 1H. 1H decoupling was carried out using the SPINAL-64 decoupling sequence7 with 
ν1 ≈ 100 kHz. The FIDs were truncated, even after 38 ms acquisition, and the spectrum 
shown was processed with 500 Hz Lorentzian broadening in both the direct and 
indirect dimensions. 
Figure 3.13. (a) Pulse sequence and coherence transfer pathway for a generic 
homonuclear SQ-DQ correlation experiment. (b) The BABA scheme8,9 employed for 
excitation and conversion of DQ coherences where τr = rotor period and  n = number 
of BABA blocks used. (c) 1H-1H (9.4 T, 40 kHz MAS) SQ-DQ BABA spectrum of L-
alanine, where n = 1. Solid black lines denote DQ coherences between two protons of 
the same type (e.g., CH-CH). Dashed coloured lines indicate DQ coherences between 
two different types of protons (e.g., CH3-CH). The solid grey diagonal line denotes the 
δDQ = 2δSQ autocorrelation diagonal. The spectrum is the result of averaging 16 
transients separated by a recycle interval of 1 s, for each of 120 t1 increments of 25 μs. 
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Figure 3.14. (a) Pulse sequence for a CPMG experiment, where N = number of echoes. 
(b) 93Nb (14.1 T) CPMG spectrum of a static sample of K7Na[Nb6O19]. The spectrum 
was acquired by averaging 1024 transients separated by a recycle interval of 2 s. A 
CPMG pulse sequence10-12 was used with 1/τ = 4 kHz, and 40 pulses were applied in 
the echo train.  
 
Figure 3.20. (a) 87Rb (9.4 T, 14 kHz MAS) NMR spectrum of RbNO3. (b) 
87Rb (9.4 
T, 14 kHz MAS) z-filtered 3QMAS NMR spectrum of RbNO3. A shearing 
transformation has been applied. (c) Cross sections parallel to δ2 extracted from the 
spectrum shown in (b). In (a), the spectrum was acquired by averaging 1024 transients 
separated by a recycle interval of 0.25 s. ν1 ≈ 140 kHz. In (b), the spectrum is the result 
of averaging 48 transients separated by a recycle interval of 0.2 s, for each of 300 t1 
increments of 50 μs. Excitation and conversion pulses were applied with ν1 ≈ 140 kHz 
and the CT selective pulse with ν1 ≈ 11 kHz. 
 
Figure 3.22. (a) 1H (9.4 T, 8 kHz MAS) DNP NMR spectrum of a 14 mM solution of 
TEKPol in 1,1,2,2-tetrachloroethane (TCE), impregnated onto 29Si-γ-Al2O3 (1.5 wt% 
Si). * denotes a spinning sideband. (b) 1H-29Si (9.4 T, 8 kHz MAS, τCP = 3.5 ms) DNP 
CP NMR spectrum of 29Si-γ-Al2O3. For both sets of spectra, enhancement factors, ε, 
are given in the top right corner. All spectra were acquired at ~100 K.  mw = 
microwaves. In (a), the spectrum was acquired by averaging 8 transients separated by 
a recycle interval of 5 s. ν1 ≈ 100 kHz. In (a), the spectrum is the result of averaging 
16 transients separated by a recycle interval of 2 s. The CP contact pulse was 
implemented using a ramped pulse (80-100%) applied to 1H. 1H decoupling was 




Figure 5.1. (a) 27Al (9.4 T, 14 kHz MAS) short flip angle DP NMR spectrum of the 
CT of aluminium acetylacetonate (Al(acac)3). ♦ denotes the centreband of the inner 
(±1/2 ↔ ±3/2) satellite transition.13 (b) Lineshape fit of the experimental spectrum 
shown in (a). The following NMR parameters were obtained: CQ = 3.0 MHz; ηQ = 
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0.16 and δiso = 0.0 ppm. In (a), The spectrum was acquired by averaging 64 transients 
separated by a recycle interval of 5 s, using a pulse duration of 0.4 μs with ν1 ≈ 110 
kHz. The spectrum shown was processed with 25 Hz Lorentzian broadening. 
 
Figure 5.2. 27Al (9.4 T, 14 kHz MAS) short flip angle DP NMR spectrum of γ-Al2O3. 
* denotes a spinning sideband. The spectrum is the result of averaging 256 transients 
separated by a recycle interval of 3 s, using a pulse duration of 0.2 μs with ν1 ≈ 110 
kHz. 
 
Figure 5.3. (a) 27Al (9.4 T, 14 kHz MAS) z-filtered 3QMAS spectrum of γ-Al2O3, 
with lines indicating distributions of chemical shifts (distCS) and quadrupolar 
parameters (distQ). A shearing transformation has been applied. (b) 
27Al (9.4 T, 14 kHz 
MAS) z-filtered 3QMAS spectrum of γ-Al2O3, with fits using the Czjzek model for 
the EFG and a Gaussian distribution of δiso (black lines) overlaid on each resonance 
(coloured lines). A shearing transformation has been applied. In (b) referencing in δ1 
was carried out according to the convention proposed by Amoureux and Fernandez,14 
in order for the Czjzek model to be implemented within DMFit.15,16 Both spectra are 
the result of averaging 48 transients separated by a recycle interval of 3 s, for each of 
104 t1 increments of 25 μs. Excitation and conversion pulses were applied with ν1 ≈ 
110 kHz and the CT selective pulse with ν1 ≈ 9 kHz. 
 
Figure 5.4.  27Al (14.1 T, 20 kHz MAS) short flip angle DP NMR (black) and 1H-27Al 
(14.1 T, 20 kHz MAS, τCP = 0.8 ms) CP NMR (red) spectra of γ-Al2O3. * denotes a 
spinning sideband. The DP NMR spectrum was acquired by averaging 128 transients 
separated by a recycle interval of 3 s, using a pulse duration of 0.2 μs with ν1 ≈ 91 kHz. 
The CP NMR spectrum is the result of averaging 4096 transients separated by a recycle 
interval of 1 s. The contact pulse was implemented using a ramped pulse (90-100%) 
applied to 1H. 1H decoupling was carried out using continuous wave decoupling with 
ν1 ≈ 92 kHz. 
 
Figure 5.5. 1H-27Al (14.1 T, 14 kHz MAS, τCP = 0.8 ms) z-filtered CP 3QMAS
17 NMR 
spectrum of γ-Al2O3. A shearing transformation has been applied. Resonances 
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corresponding to Al(IV) and Al(VI) species are labelled. * denotes a spinning 
sideband. The spectrum is the result of averaging 2304 transients separated by a 
recycle interval of 0.75 s, for each of 42 t1 increments of 25 μs. Excitation and 
conversion pulses were applied with ν1 ≈ 87 kHz and the CT selective pulse with ν1 ≈ 
7 kHz. The CP contact pulse was implemented using a ramped pulse (90-100%) 
applied to 1H. 1H decoupling was carried out using continuous wave decoupling with 
ν1 ≈ 66 kHz. 
 
Figure 5.6.  1H-27Al (14.1 T, 40 kHz MAS) D-HMQC spectra of γ-Al2O3, acquired 
with (a) τrec = 0.3 ms and (b) τrec = 0.9 ms. In both spectra, annotations have been 
provided for resonance assignments/chemical shift values. (c) Schematic 
representations of the functional groups observed in the spectra shown in (a) and (b), 
along with corresponding 1H δiso values. (d) Overlaid total projections of the 
27Al 
dimension of the 2D spectra in (a) (blue) and (b) (red), processed with 300 Hz 
Lorentzian broadening. Both spectra are the result of averaging 2880 transients 
separated by a recycle interval of 1 s, for each of 18 t1 increments of 25 μs. Active 
recoupling of the 1H-27Al dipolar interaction was achieved using the SR421 scheme,
18 
with ν1 ≈ 2νR. The spectra shown were processed with 200 Hz Lorentzian broadening 
in the 27Al dimension. 
 
Figure 5.7. (a) 1H-27Al (9.4 T, 14 kHz MAS, τrec = 0.43 ms) D-HMQC spectrum of 
γ-Al2O3 dehydrated in vacuo at 300 °C for ~6 h. It is the result of averaging 5120 
transients separated by a recycle interval of 1 s, for each of 8 t1 increments of 71.43 
μs. Active recoupling of the 1H-27Al dipolar interaction was achieved using the SR421 
scheme,18 with ν1 ≈ 2νR. The spectrum shown was processed with 100 Hz Lorentzian 
broadening in the 27Al dimension. Annotations have been provided for resonance 
assignments/chemical shift values. (b)  1H (9.4 T, 14 kHz MAS) NMR spectrum of the 
γ-Al2O3 sample studied in (a). The spectrum was acquired by averaging 128 transients 
separated by a recycle interval of 1 s, using the DEPTH pulse sequence for probe 
background suppression.19 ν1 ≈ 100 kHz. Chemical shift values for resonances are 
indicated. (c) Schematic representations of the functional groups observed in the 




Figure 5.8. (a) 27Al (14.1 T, 14 kHz MAS) z-filtered 3QMAS spectrum of γ-Al2O3 
dehydrated in vacuo at 300 °C for 6 h. The spectrum is the result of averaging 144 
transients separated by a recycle interval of 1 s, for each of 120 t1 increments of 17.86 
μs. Excitation and conversion pulses were applied with ν1 ≈ 87 kHz and the CT 
selective pulse with ν1 ≈ 7 kHz. A shearing transformation has been applied. (b) 
Overlay of 27Al (14.1 T, 14 kHz MAS) short flip angle DP NMR spectra of hydrated 
(red) and dehydrated γ-Al2O3 (300 °C, 6 h) (black). Both spectra are the result of 
averaging 128 transients separated by a recycle interval of 3 s, using a pulse duration 
of 0.2 μs with ν1 ≈ 87 kHz. (c) Overlay of 
27Al (14.1 T, 14 kHz MAS, black) short flip 
angle DP and 1H-27Al (14.1 T, 14 kHz MAS, τCP = 0.8 ms, green) CP NMR spectra 
of spectrum of dehydrated γ-Al2O3 (300 °C, 6 h), where spectra have been scaled with 
respect to the Al(VI) resonance. In all spectra, * denotes a spinning sideband. The DP 
NMR spectrum was acquired by averaging 128 transients separated by a recycle 
interval of 3 s, using a pulse duration of 0.2 μs with ν1 ≈ 87 kHz. The CP NMR 
spectrum was acquired by averaging 4096 transients separated by a recycle interval of 
1 s. The contact pulse was implemented using a ramped pulse (90-100%) applied to 
1H. 1H decoupling was carried out using continuous wave decoupling with ν1 ≈ 55 
kHz. 
 
Figure 5.9. 1H (9.4 T, 40 kHz MAS) NMR spectra of series one catalysts (a) stacked 
and (b) overlaid and normalised. Spectra are the result of averaging 16 transients 
separated by a recycle interval of 0.25 s, using the DEPTH pulse sequence for probe 
background suppression.19 ν1 ≈ 100 kHz. The sharp feature at 
1H δiso ≈ 0 ppm in the 
spectra of IWN020 results from background signal.20,21 
 
Figure 5.10. 1H-1H (9.4 T, 40 kHz MAS) SQ-DQ spectra of (a) IW5 and (b) COLL10. 
Both spectra were acquired using one block of BABA excitation/conversion.8,9 The 
solid grey line denotes the δDQ = 2δSQ autocorrelation diagonal. Both spectra are the 
result of averaging 64 transients separated by a recycle interval of 0.25 s, for each of 




Figure 5.11. 27Al (9.4 T, 40 kHz MAS) DP NMR spectra overlaid of (a) series one 
catalysts and (b) γ-Al2O3, IW5 and COLL10. Spectra have been normalised with 
respect to the Al(VI) resonance. All spectra were acquired by averaging 1024 
transients separated by a recycle interval of 3 s. A spin echo pulse sequence was used 
with a rotor synchronised τ delay of 25 μs. ν1 ≈ 110 kHz. 
 
Figure 5.12. (a) 1H (14.1 T, 20 kHz MAS) NMR spectra of γ-Al2O3 and series two 
catalysts overlaid. Intensities have been normalised with respect to the maximum point 
of the γ-Al2O3 lineshape. ♦ denotes background signal. All spectra were acquired by 
averaging 512 (128 for γ-Al2O3) transients separated by a recycle interval of 5 s, using 
the DEPTH pulse sequence for probe background suppression.19 ν1 ≈ 100 kHz. (b) 
27Al 
(9.4 T, 14 kHz MAS) short flip angle DP NMR spectra of the samples studied in (a). 
Spectra have been scaled with respect to the number of transients and the mass of 
sample contained within each 4 mm rotor. All spectra were acquired by averaging 512 
(256 for γ-Al2O3) transients separated by a recycle interval of 3 s, using a pulse 
duration of 0.2 μs with ν1 ≈ 110 kHz. In both (a) and (b), * denotes a spinning sideband. 
 
Figure 5.13. 27Al (14.1 T, 14 kHz MAS) z-filtered 3QMAS spectra of (a) γ-Al2O3, (b) 
IWN020, (c) IWN010 and (d) IWN05. A shearing transformation has been applied to 
all spectra. Resonances corresponding to Al(IV) and Al(VI) species are labelled. * 
denotes a spinning sideband. In (a), the spectrum is the result of averaging 48 transients 
separated by a recycle interval of 2 s, for each of 130 t1 increments of 25 μs. Excitation 
and conversion pulses were applied with ν1 ≈ 91 kHz and the CT selective pulse with 
ν1 ≈ 6 kHz. In (b)-(d), spectra are the result of averaging 144 transients separated by a 
recycle interval of 1 s, for each of 50 t1 increments of 35.71 μs. Excitation and 
conversion pulses were applied with ν1 ≈ 87 kHz and the CT selective pulse with ν1 ≈ 
7 kHz.  
 
Figure 5.14. 1H-27Al (9.4 T, 14 kHz MAS, τCP = 0.8 ms) CP NMR spectra of series 
two catalyst materials. The mass of sample in each rotor and the number of transients 
in each experiment were the same for all samples. All spectra were acquired by 
averaging 106208 transients separated by a recycle interval of 0.5 s. The contact pulse 
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was implemented using a ramped pulse (90-100%) applied to 1H. 1H decoupling was 
carried out using continuous wave decoupling with ν1 ≈ 52 kHz. 
 
Figure 5.15. (a) 1H (14.1 T, 20 kHz MAS) NMR spectra of IWN020, γ-Al2O3 and 
IWN020:γ-Al2O3 ground mixtures overlaid. Spectra have been normalised to give 
equal intensities at 4.7 ppm. The sharp peaks at 1H δiso ≈ 2 ppm are attributed to 
residual solvent.22 The sharp feature at 1H δiso ≈ 0 ppm in the spectra of IWN020 results 
from background signal.20,21 All spectra were acquired by averaging 128 transients 
separated by a recycle interval of 5 s, using the DEPTH pulse sequence for probe 
background suppression.19 ν1 ≈ 100 kHz. (b) 
27Al (9.4 T, 14 kHz MAS) short flip angle 
DP NMR spectra of the same samples studied in (a). Spectra were acquired by 
averaging 512 (256 for γ-Al2O3) transients separated by a recycle interval of 3 s, using 
a pulse duration of 0.2 μs with ν1 ≈ 110 kHz. Spectra have been normalised with 
respect to the Al(VI) resonance. 
 
Figure 5.16.  1H (9.4 T, 14 kHz MAS) NMR spectra of MgAl2O4 (blue), CoAl2O4 
(red) and Co-CoAl2O4 (green). Spectra have been scaled with respect to the centre of 
the MgAl2O4 resonace at 
1H δ ≈ 4.2 ppm. Expansions of the upfield resonances in the 
spectrum of MgAl2O4 are also shown inset. ♦ denotes background signal. All spectra 
were acquired by averaging 1024 transients separated by a recycle interval of 0.2 s, 
using the DEPTH pulse sequence for probe background suppression.19 ν1 ≈ 100 kHz. 
 
Figure 5.17. (a) 27Al (9.4 T, 14 kHz MAS) short flip angle DP NMR spectra of 
MgAl2O4 (blue), CoAl2O4 (red) and Co-CoAl2O4 (green). Spectra have been scaled 
with respect to the Al(VI) resonance. Spectra were acquired by averaging 512 
transients separated by a recycle interval of 5 s, using a pulse duration of 0.2 μs with 
ν1 ≈ 110 kHz. (b) 
27Al (14.1 T, 14 kHz MAS (blue) and 20 kHz MAS (red and green)) 
DP NMR spectra of MgAl2O4 (blue), CoAl2O4 (red) and Co-CoAl2O4 (green). Spectra 
were acquired by averaging 128 (CoAl2O4 (red) and Co-CoAl2O4 (green)) or 64 
(MgAl2O4 (blue)) transients separated by a recycle interval of 30 (CoAl2O4 (red) and 
Co-CoAl2O4 (green)) or 20 (MgAl2O4 (blue)) s. ν1 ≈ 91 (CoAl2O4 (red) and Co-
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CoAl2O4 (green)) or 87 kHz (MgAl2O4 (blue)). In both (a) and (b), * denotes a spinning 
sideband. 
 
Figure 5.18. 27Al (14. 1 T, 14 kHz MAS (a) and 20 kHz MAS (b and c)) z-filtered 
3QMAS spectra of (a) MgAl2O4, (b) CoAl2O4 and (c) Co-CoAl2O4. A shearing 
transformation has been applied to all spectra. Resonances corresponding to Al(IV) 
and Al(VI) species are labelled. * denotes a spinning sideband. In (a), the spectrum is 
the result of averaging 144 transients separated by a recycle interval of 1 s, for each of 
50 t1 increments of 35.71 μs. Excitation and conversion pulses were applied with ν1 ≈ 
87 kHz and the CT selective pulse with ν1 ≈ 7 kHz. In (b) and (c), spectra are the result 
of averaging 48 transients separated by a recycle interval of 5 s, for each of 115 (b) or 
100 (c) t1 increments of 25 μs. Excitation and conversion pulses were applied with ν1 
≈ 91 kHz and the CT selective pulse with ν1 ≈ 6 kHz. In (a), the spectrum shown was 
processed with 100 Hz Lorentzian broadening in both the direct and indirect 
dimensions. In (b), the spectrum shown was processed with 25 Hz Lorentzian 
broadening in the direct dimension. In (c), the spectrum shown was processed with 
100 Hz Lorentzian broadening in the direct dimension. 
 
Figure 5.19. 1H-27Al (9.4 T, 14 kHz MAS, τCP = 0.8 ms) CP NMR spectra of MgAl2O4 
(blue) and CoAl2O4 (red). Spectra are the result of averaging 4096 (MgAl2O4 (blue)) 
or 10240 transients (CoAl2O4 (red)) separated by a recycle interval of 1 (MgAl2O4 
(blue)) or 0.5 s (CoAl2O4 (red)). The contact pulse was implemented using a ramped 
pulse (90-100%) applied to 1H. 1H decoupling was carried out using continuous wave 




Spectra were acquired using ν1 ≈ ∼90-100 kHz for 1H, ∼110 kHz for 27Al, and ∼80 kHz 
for 29Si, unless otherwise indicated. 29Si spectra were acquired using either single pulse 
excitation (DP), DEPTH19 pulse sequences, or cross polarisation (CP). 1H spectra were 
acquired using the DEPTH pulse sequence for probe background suppression.19 For 
CP spectra, transverse magnetisation was obtained from 1H using a using a ramped 
227 
 
contact pulse (90-100% or 80-100%) applied to 1H. TPPM-153 (ν1 ≈ 90-100 kHz), 
SPINAL-647 (ν1 ≈ 90-100 kHz) or continuous wave 
1H decoupling (ν1 ≈ 50 kHz) was 
applied during acquisition. All DP and CP experiments were carried out at room 
temperature (298 K) on samples with no radical added, while DNP experiments were 
carried out at low temperature (100 K) on samples impregnated with the nitroxide 
biradical polarising agent TEKPol, as outlined in Chapter 4. 
 
Figure 6.2. 29Si and 1H-29Si (9.4 T, 10-14 kHz MAS) NMR spectra of 99% 29Si-
enriched Si-γ-Al2O3 (1.5 wt% Si), acquired using DP (black), CP (red) and DNP 
(blue). Spectra are shown (a) stacked and (b) overlaid. DP and CP spectra were 
acquired at room temperature on samples that had no radical added. The DNP 
spectrum was performed at 100 K. For CP and DNP spectra, τCP = 3 ms. In (b), spectral 
intensities have been normalised with respect to the centre of the lineshape in the DP 
NMR spectrum. For the DNP NMR spectrum, ε 29Si CP = ~92. Spectra are the result 
of averaging 504 (DP), 14400 (CP), and 32 (DNP) transients with recycle intervals of 
120 (DP), 1 (CP), and 3 s (DNP). 
 
Figure 6.3. 1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of 99% 29Si-enriched Si- 
γ-Al2O3 (1.5 wt% Si) overlaid, acquired by averaging 14400 transients separated by a 
recycle interval of 1 s, using τCP values between 0.1 and 10 ms. Spectral intensities 
have been normalised with respect to the centre of the lineshape. 
 
Figure 6.4. 1H (9.4 T, 14 kHz MAS) NMR spectra of (a) hydrated and (b) dehydrated 
29Si-enriched Si-γ-Al2O3 (1.5 wt% Si). Spectra are the result of averaging 4000 
transients separated by a recycle interval of 1 s. 
 
Figure 6.5. (a) Comparison of 1H-29Si (9.4 T, 10 kHz MAS, τCP = 3 ms) CP NMR 
spectra of hydrated (black) and dehydrated (red) 99% 29Si-enriched Si-γ-Al2O3 (1.5 
wt% Si). Spectral intensities have been normalised with respect to the centre of the 
lineshape in the spectrum of the hydrated material. Spectra are the result of averaging 
14400 (hydrated) and 34000 (dehydrated) transients separated by a recycle interval of 
1 s.  (b) 29Si (9.4 T, 10-14 kHz MAS) NMR spectra of dehydrated 29Si-enriched Si-γ-
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Al2O3 (1.5 wt% Si), acquired directly (blue) and using CP (red). Spectra are the result 
of averaging 2896 (DP) and 34000 (CP) transients with recycle intervals of 120 s (DP) 
and 1 s (CP). For the CP MAS NMR spectrum, polarisation transfer (from 1H) was 
achieved using a CP value of 3 ms. Spectral intensities have been normalised with 
respect to the centre of the lineshape in the DP NMR spectrum. 
 
Figure 6.6. 29Si (9.4 T, 14 kHz MAS) DP NMR spectra of hydrated (blue) and 
dehydrated (red) 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si). Spectral intensities have been 
normalised with respect to the centre of the lineshape in the spectrum of the hydrated 
material. Spectra are the result of averaging 504 (hydrated) and 2896 (dehydrated) 
transients with a recycle interval of 120 s. 
 
Figure 6.7. 1H-29Si (9.4 T, 10 kHz MAS, τCP = 0.5 or 3 ms) CP HETCOR NMR spectra 
of 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si), demonstrating the effect of (a) the hydration 
level of the sample and (b) τCP on the dehydrated material. In (a), the spectrum of the 
hydrated material is the result of averaging 880 transients separated by a recycle 
interval of 1 s, for each of 20 t1 increments of 100 μs. The spectrum of the dehydrated 
material is the result of averaging 1600 transients separated by a recycle interval of 1 
s, for each of 18 t1 increments of 50 μs. A CP contact time of 0.5 ms was employed in 
both instances. In (b), both spectra were acquired by averaging 1600 transients 
separated by a recycle interval of 1 s, for each of 18 t1 increments of 50 μs. 
 
Figure 6.8. 29Si (9.4 T, 12.5 kHz MAS) refocused CP INADEQUATE5 DNP NMR 
spectra of 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si), acquired using J values of (a) 3.2 
ms, (b) 6.4 ms, (c) 9.6 ms and (d) 16 ms. The solid grey line in each spectrum denotes 
the δDQ = 2δSQ autocorrelation diagonal. Spectra are the result of averaging between 
96 and 256 transients with a recycle interval of 3 s, for each of 48 t1 increments of 80 
μs. The CP contact time, τCP = 3 ms. 
 
Figure 6.9. Overlay of 2 projections of two-dimensional refocused INADEQUATE
5 
DNP NMR spectra, shown in Figure 6.8, as a function of J. The 
1H-29Si CP DNP 




Figure 6.10. 29Si-27Al (9.4 T, 10 kHz MAS) dipolar CP INEPT24 DNP NMR spectrum 
of hydrated 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si). The spectrum is the result of 
averaging 48 transients separated by a recycle interval of 2 s for each of 32 t1 
increments of 100 μs. Recoupling of the dipolar interaction was carried out using 4 
REDOR23 blocks of 8 rotor cycles (of 100 μs) in duration. Polarisation transfer was 
achieved using a τCP value of 3 ms. 
 
Figure 6.11. 27Al (14 kHz MAS) spectra of 99% 29Si-enriched Si--Al2O3 (1.5 wt% 
Si), acquired at (a, b) 9.4 T and (c, d) 14.1 T, with (a, c) DP and (b, d) CP (CP = 0.8 
ms). * denotes a spinning sideband. Spectra are the result of averaging (a, c) 128 and 
(b, d) 8192 transients with recycle intervals of 3 s (DP) and 1 s (CP). 
 
Figure 6.12. 29Si-27Al (9.4 T, 10 kHz MAS) scalar CP INEPT25 DNP NMR spectrum 
of hydrated 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si). The spectrum is the result of 
averaging 224 transients separated by a recycle interval of 2 s for each of 32 t1 
increments of 100 μs. τJ = 6 ms. 
 
Figure 6.13. (a) 29Si (9.4 T, 14 kHz MAS) experimental (blue) and simulated (red) 
NMR spectra of hydrated 29Si-enriched Si-γ-Al2O3 (1.5 wt% Si). Also shown are the 
individual components of the fit (green). The experimental spectrum is the result of 
averaging 504 transients separated by a recycle interval of 120 s. (b) Simplified 
structural representations of the species assigned to each of the components shown in 
(a). 
 
Figure 6.14. (a) 1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of 29Si-enriched Si-γ-
Al2O3 (1.5 wt% Si) and Si-γ-Al2O3 materials prepared by a sequential grafting 
approach. (b) 1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of Si-γ-Al2O3 2nd graft 
(2.8 wt% Si) and 29Si-enriched Si--Al2O3 (~8 wt% Si) prepared by a “single shot” 
approach. For all spectra, CP = 3 ms. Spectral intensities have been normalised. 
Spectra are the result of averaging 14400 (“1st graft” and high loading), 76600 (2nd 




Figure 6.15. 29Si (9.4 T, 14 kHz MAS) DP NMR (blue) and 1H-29Si (9.4 T, 10 kHz 
MAS, CP = 3 ms) CP NMR (red) spectra of (a) 2nd, (b) 3rd and (c) 4th graft Si--
Al2O3 materials. Spectral intensities have been normalised. DP NMR spectra are the 
result of averaging (a) 2840, (b) 1608 or (c) 2128 transients separated by a recycle 
interval of 120 s. CP NMR spectra are the result of averaging (a) 76600, (b) 76600 or 
(c) 54000 transients separated by a recycle interval of 1 s. 
 
Figure 6.16. 29Si (9.4 T, 14 kHz MAS) DP NMR and 1H-29Si (9.4 T, 10 kHz MAS, 
CP = 0.5-10 ms) CP NMR spectra of “single shot” 
29Si-enriched Si--Al2O3 (~8 wt% 
Si). Spectral intensities have been normalised. The DP NMR spectrum is the result of 
averaging 504 transients separated by a recycle interval of 120 s. CP NMR spectra are 
the result of averaging 14400 (0.5, 1.5 and 3 ms) or 3200 transients (10 ms), separated 
by a recycle interval of 1 s. 
 
Figure 6.19. 27Al (14.1 T, 20 kHz MAS) DP NMR spectra of γ-Al2O3, Si-γ-Al2O3 
materials prepared by a sequential grafting approach, and Si-γ-Al2O3 (8 wt% Si) 
prepared via a “single shot” method. Spectra have been normalised with respect to the 
Al(VI) resonance. * denotes a spinning sideband. Spectra are the result of averaging 
32 (high loading) or 128 transients (all others), separated by a recycle interval of 3 s. 
 
Figure 6.20. (a) 1H-27Al (14.1 T, 20 kHz MAS, τCP = 0.8 ms) CP NMR spectra of γ-
Al2O3 and Si-γ-Al2O3 materials prepared by a sequential grafting approach. Spectra 
are the result of averaging 8192 (4th graft) or 4096 (all others) transients separated by 
a recycle interval of 1 s. (b) 1H-27Al (9.4 T, 10 kHz MAS, τCP = 0.8 ms) DNP CP NMR 
spectra of Si-γ-Al2O3 2nd graft, 3rd graft and high loading materials. Spectra are the 
result of averaging 32 transients separated by a recycle interval of 3 s. In both (a) and 
(b), Spectra have been normalised with respect to the Al(VI) resonance. * denotes a 
spinning sideband. 
 
Figure 6.21. 29Si (9.4 T, 12.5 kHz MAS) refocused CP INADEQUATE DNP NMR 
spectra of 29Si-enriched Si-γ-Al2O3 (8 wt% Si), acquired using J values of (a) 3.2 ms, 
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(b) 6.4 ms, (c) 9.6 ms and (d) 16 ms. The solid grey line in each spectrum denotes the 
δDQ = 2δSQ autocorrelation diagonal. Spectra are the result of averaging (a) 128 
transients for each of 48 t1 increments separated by a recycle interval of 3 s, (b), (c) 
and (d) 96 transients for each of 48 t1 increments separated by a recycle interval of 3 
s. 
 
Figure 6.22. Overlay of 2 projections of two-dimensional refocused INADEQUATE 
DNP NMR spectra, shown in Figure 6.21, as a function of J. The 
1H-29Si CP DNP 
NMR spectrum is also shown for comparison (CP = 3 ms) (cyan), and was acquired 
by averaging 32 transients separated by a recycle interval of 3 s. 
 
Figure 6.23. 29Si-27Al (9.4 T, 10 kHz MAS) CP INEPT DNP NMR spectrum of 29Si-
enriched high silica loading Si-γ-Al2O3 (8 wt% Si), with transfer via the (a) dipolar
24 
and (b) scalar coupling.25 In (a), the spectrum is the result of averaging 48 transients 
with a recycle interval of 3 s, for each of 80 t1 increments of 100 μs. Recoupling of the 
dipolar interaction was carried out using 4 REDOR23 blocks of 8 rotor cycles (of 100 
μs) in duration. In (b), the spectrum is the result of averaging 48 transients with a 
recycle interval of 3 s, for each of 30 t1 increments of 100 μs. τJ = 6 ms. In both 
experiments the CP contact time, τCP = 3 ms. 
 
Figure 6.24. 1H (9.4 T, 10 kHz MAS) NMR spectra of as-made high silica loading Si-
γ-Al2O3 (8 wt% Si) acquired (a) directly after synthesis and after ageing for (b) ~2 
weeks, (c) ~1 year and (d) ~1 year and 1 month. ♦ denotes a peak from the rotor cap.21 
In (b) an expansion of the spectrum is also shown inset. Spectra are the result of 
averaging 16 transients separated by a recycle interval of 5 s. 
 
Figure 6.25. 1H-13C (9.4 T, 10 kHz MAS,CP = 3 ms) CP NMR spectra of as-made 
high silica loading Si-γ-Al2O3 (8 wt% Si) acquired after ageing for (a) ~2 weeks and 
(b) ~1 year. The same experimental parameters were used to acquire both spectra. 
Spectra are the result of averaging 1600 transients separated by a recycle interval of 5 
s. The contact pulse was implemented using a ramped pulse (90-100%) applied to 1H. 




Figure 6.26. 29Si (9.4 T, 14 kHz MAS) DP NMR (black) and 1H-29Si (9.4 T, 10 kHz 
MAS,CP = 3 ms) CP NMR spectra (red) of as-made 
29Si-enriched high silica loading 
Si-γ-Al2O3 (8 wt% Si). Spectra were acquired (a) directly after synthesis and after 
ageing for (b) ~2 weeks, (c) ~1 year and (d) ~1 year and 1 month. In (a) an expansion 
of part of the spectrum is shown inset. DP NMR spectra were acquired by averaging 
(a) 504, (b) 470, and (c) and (d) 40 transients separated by a recycle interval of 120 s. 
CP NMR spectra were acquired by averaging (a) 3200, (b) 800 and (c) and (d) 400 
transients separated by a recycle interval of 5 s. 
 
Figure 6.27. (a) 29Si (9.4 T, 14 kHz MAS) DP (black) and CP (red) NMR spectra of 
as-made high silica loading Si-γ-Al2O3 (8 wt% Si) aged for ~1 year. Spectra are the 
result of averaging 40 transients separated by a recycle interval of 120 s (DP), or 400 
transients separated by a recycle interval of 5 s (CP). (b) 29Si (9.4 T, 14 kHz MAS) DP 
NMR spectra of as-made high silica loading Si-γ-Al2O3 (8 wt% Si) aged for ~1 year 
(blue) and calcined high silica loading Si-γ-Al2O3 (8 wt% Si) (green). Spectral 
intensities have been normalised. Spectra are the result of averaging 40 transients 
separated by a recycle interval of 120 s (as-made), or 504 transients separated by a 
recycle interval of 120 s (calcined). 
 
Figure 6.28. 27Al (14.1 T, 20 kHz MAS) short flip angle DP NMR spectra of γ-Al2O3 
(blue), calcined high silica loading Si-γ-Al2O3 (8 wt% Si) (green), and as-made high 
silica loading Si-γ-Al2O3 (8 wt% Si) aged for ~1 year and 4 months (red). * denotes a 
spinning sideband. Spectral intensities have been normalised with respect to the Al(VI) 
resonance. Spectra are the result of averaging 256 transients separated by a recycle 
interval of 3 s, using a pulse duration of 0.2 μs with ν1 ≈ 91 kHz. 
 
Figure 6.29. 17O (14.1 T, 14 kHz MAS) short flip angle DP NMR spectra of (a) γ-
Al2O3 and (b) Si-γ-Al2O3 (1.5 wt% Si), 
17O-enriched for heating times of 12 (blue), 24 
(red) and 48 h (green). Spectra have been scaled with respect to the number of 
transients and the mass of sample contained within each 4 mm rotor. * denotes a 
spinning sideband. In both (a) and (b), spectra are the result of averaging 2048 
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transients separated by a recycle interval of 3 s, using a pulse duration of 0.4 μs with 
ν1 ≈ 63 kHz.  
 
Figure 6.30. 17O (20.0 T, 20 kHz MAS) DP NMR spectra of 17O-enriched (a) γ-Al2O3, 
(500 °C for 24 h) (b) Si-γ-Al2O3 (500 °C for 24 h) and (c) amorphous SiO2 (enriched 
during synthesis). * denotes a spinning sideband. In (a) and (b), spectra are the result 
of averaging 4096 transients separated by a recycle interval of 0.5 s, with ν1 ≈ 63 kHz. 
In (c), the spectrum is the result of averaging 4096 transients separated by a recycle 
interval of 0.5 s, with ν1 ≈ 50 kHz. 
 
Figure 6.31. 17O z-filtered 3QMAS NMR spectra of (a) and (c) γ-Al2O3, and (b) and 
(d) Si-γ-Al2O3 (1.5 wt% Si) 
17O-enriched at 500 °C for 24 h. Spectra were acquired at 
(a) and (b) 14.1 T and 14 kHz MAS, and (c) and (d) 20.0 T and 20 kHz MAS. In all 
spectra shearing transformations have been applied. Peak assignments are as follows: 
1 = Al-O-Al (OAl4); 2 = Al-O-Al (OAl3); 3 = Si-O-Al; 4 = Si-O-Si. In (a), the spectrum 
is the result of averaging 360 transients separated by a recycle interval of 1 s, for each 
of 160 t1 increments of 17.86 μs. Excitation and conversion pulses were applied with 
ν1 ≈ 63 kHz and the CT selective pulse with ν1 ≈ 11 kHz. 
1H decoupling was carried 
out using continuous wave decoupling with ν1 ≈ 55 kHz. In (b), the spectrum is the 
result of averaging 816 transients separated by a recycle interval of 1 s, for each of 88 
t1 increments of 17.86 μs. Excitation and conversion pulses were applied with ν1 ≈ 63 
kHz and the CT selective pulse with ν1 ≈ 11 kHz.  The spectrum shown was processed 
with 50 Hz Lorentzian broadening in the direct dimension. In (c), the spectrum is the 
result of averaging 1128 transients separated by a recycle interval of 0.5 s, for each of 
60 t1 increments of 25 μs. Excitation and conversion pulses were applied with ν1 ≈ 63 
kHz and the CT selective pulse with ν1 ≈ 10 kHz.  The spectrum shown was processed 
with 100 Hz Lorentzian broadening in the direct dimension. In (d), the spectrum is the 
result of averaging 1320 transients separated by a recycle interval of 0.5 s, for each of 
50 t1 increments of 25 μs. Excitation and conversion pulses were applied with ν1 ≈ 63 
kHz and the CT selective pulse with ν1 ≈ 10 kHz.  The spectrum shown was processed 




Figure 6.32. 17O (14.1 T, 14 kHz MAS) z-filtered 3QMAS NMR spectrum of 17O-
enriched amorphous SiO2. A shearing transformation has been applied. The spectrum 
is the result of averaging 576 transients separated by a recycle interval of 1 s, for each 
of 120 t1 increments of 17.86 μs. Excitation and conversion pulses were applied with 
ν1 ≈ 63 kHz and the CT selective pulse with ν1 ≈ 11 kHz. 
 
Figure 6.33. 1H-17O (14.1 T, 14 kHz MAS) CP NMR spectra of 17O-enriched 
amorphous SiO2, (pink), γ-Al2O3 (500 °C for 12 h) (green) and Si-γ-Al2O3 (1.5 wt% 
Si) (500 °C for 12 h) (blue). CP = 0.4 (blue) or 0.5 ms (pink and green). Spectra are 
the result of averaging 8192 (amorphous SiO2), 2048 (γ-Al2O3) or 4096 (Si-γ-Al2O3 
(1.5 wt% Si)) transients separated by a recycle interval of 1 (amorphous SiO2) or 0.5 
s (γ-Al2O3 and Si-γ-Al2O3 (1.5 wt% Si)). For all spectra, transverse magnetisation was 
obtained from 1H using a using a ramped contact pulse (90-100%) applied to 1H. 1H 
decoupling was carried out using continuous wave decoupling with ν1 ≈ 55 kHz. 
 
Figure 6.34. 1H-17O (14.1 T, 20 and 14 kHz MAS) CP HETCOR NMR spectra of (a) 
17O-enriched γ-Al2O3 (500 °C for 12 h) (green, CP = 0.5 ms) and (b) 
17O-enriched Si-
γ-Al2O3 (1.5 wt% Si) (500 °C for 12 h) (blue, CP = 0.4 ms). In (a), the spectrum is the 
result of averaging 800 transients separated by a recycle interval of 0.5 s, for each of 
20 t1 increments of 50 μs. Transverse magnetisation was obtained from 
1H using a 
using a ramped contact pulse (90-100%) applied to 1H. 1H decoupling was carried out 
using continuous wave decoupling with ν1 ≈ 100 kHz. In (b), the spectrum is the result 
of averaging 944 transients separated by a recycle interval of 1 s, for each of 50 t1 
increments of 17.86 μs. Transverse magnetisation was obtained from 1H using a using 
a ramped contact pulse (90-100%) applied to 1H. 1H decoupling was carried out using 
continuous wave decoupling with ν1 ≈ 65 kHz. 
 
Figure 6.35. 17O (14.1 T, 14 kHz MAS) (a) DP NMR and (b) z-filtered 3QMAS NMR 
spectra of Si-γ-Al2O3 (1.5 wt% Si), 
17O-enriched for 12 h at temperatures of 500 (blue) 
and 700 °C (red). In (b), a shearing transformation has been applied to both spectra. In 
(a), spectra have been normalised, and * denotes a spinning sideband. In (a) the DP 
NMR spectra are the result of averaging 128 transients separated by a recycle interval 
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of 3 s. The spectra shown were processed with 50 Hz Lorentzian broadening. In (b) 
the spectrum in blue was obtained by averaging 1032 transients separated by a recycle 
interval of 2 s, for each of 118 t1 increments of 17.86 μs. Excitation and conversion 
pulses were applied with ν1 ≈ 63 kHz and the CT selective pulse with ν1 ≈ 10 kHz. The 
spectrum in red was obtained by averaging 264 transients separated by a recycle 
interval of 3 s, for each of 82 t1 increments of 17.86 μs. Excitation and conversion 
pulses were applied with ν1 ≈ 63 kHz and the CT selective pulse with ν1 ≈ 10 kHz. 
 
Figure 6.36. (a) 29Si (9.4 T, 14 kHz MAS) DP NMR and (b) 1H-29Si (9.4 T, 10 kHz 
MAS, CP = 0.5 ms) CP HETCOR NMR spectra of 
29Si-enriched Si-γ-Al2O3 (1.5 wt% 
Si) before (black) and after (red) 17O gas exchange enrichment at 500 °C for 24 h. In 
(a) spectra have been normalised. In (a), the spectrum in black was obtained by 
averaging 504 transients separated by a recycle interval of 120 s, and the spectrum in 
red was obtained by averaging 496 transients separated by a recycle interval of 120 s. 
In (b), the spectrum in red was obtained by averaging 1576 transients separated by a 
recycle interval of 1 s, for each of 34 t1 increments of 100 μs. The spectrum in red was 
obtained by averaging 880 transients separated by a recycle interval of 1 s, for each of 
20 t1 increments of 100 μs. 
 
Figure 6.37.  1H-29Si (9.4 T, 10 kHz MAS) CP NMR spectra of (a) dehydrated 29Si-
enriched Si-γ-Al2O3 (1.5 wt% Si) (CP = 1.5 ms) and (b) hydrated 
29Si- and 17O-
enriched Si-γ-Al2O3 (1.5 wt% Si) (500 °C for 24 h) (CP = 0.1, 1.5, or 10 ms). In (b) 
spectra have been normalised. The spectrum was obtained by averaging 14400 (1.5 
ms) or 18000 transients (0.1 and 10 ms) separated by a recycle interval of 1 s. 
 
Figure 6.38. 1H (9.4 T, 10 kHz MAS) NMR spectra of (a) partially dehydrated 29Si-
enriched Si-γ-Al2O3 (1.5 wt% Si) and (b) hydrated 
29Si- and 17O-enriched Si-γ-Al2O3 
(1.5 wt% Si) (17O-enriched at 500 °C for 24 h). In (b), ♦ denotes a peak from the rotor 
cap.21 In (a), the spectrum is the result of averaging 4000 transients separated by a 
recycle interval of 1 s. In (b), the spectrum is the result of averaging 128 transients 




Figure 6.39. 17O (20.0 T, 20 kHz MAS) DP NMR spectra of 17O-enriched (a) γ-Al2O3, 
(500 °C for 24 h) (b) Si-γ-Al2O3 (500 °C for 24 h) and (c) doubly-enriched (
29Si and 
17O) Si-γ-Al2O3 (
17O-enriched at 500 °C for 24 h). * denotes a spinning sideband. 
Spectra are the result of averaging 4096 transients separated by a recycle interval of 
0.5 s, with ν1 ≈ 63 (a) and (b) or 50 kHz (c). 
 
Figure 6.40. 17O (14.1 T, 14 kHz MAS) z-filtered 3QMAS NMR spectrum of doubly-
enriched (29Si and 17O) Si-γ-Al2O3 (1.5 wt% Si) (500 °C for 24 h). A shearing 
transformation has been applied. Peak assignments are as follows: 1 = Al-O-Al (OAl4); 
2 = Al-O-Al (OAl3); 3 = Si-O-Al; 4 = Si-O-Si. The spectrum was obtained by 
averaging 504 transients separated by a recycle interval of 1 s, for each of 100 t1 
increments of 17.86 μs. Excitation and conversion pulses were applied with ν1 ≈ 70 
kHz and the CT selective pulse with ν1 ≈ 9 kHz. 
 
Figure 6.41.  29Si-17O (20.0 T, 20 kHz MAS) D-HMQC spectra of doubly enriched 
(29Si and 17O) Si-γ-Al2O3 (
17O-enriched at 500 °C for 24 h), acquired with (a) τrec = 
0.6 ms, (b) τrec = 1.2 ms and (c) τrec = 1.8 ms. In (a), the spectrum was obtained by 
averaging 10240 transients separated by a recycle interval of 0.5 s, for each of 8 t1 
increments of 50 μs. In (b), the spectrum was obtained by averaging 19200 transients 
separated by a recycle interval of 0.5 s, for each of 8 t1 increments of 50 μs. In (c), the 
spectrum was obtained by averaging 12352 transients separated by a recycle interval 
of 0.5 s, for each of 12 t1 increments of 50 μs. In all experiments, active recoupling of 
the 29Si-17O dipolar interaction was achieved using the SR421 scheme,
18 with ν1 ≈ 2νR. 
All spectra shown were processed with 300 Hz Lorentzian broadening in the direct 
(17O) dimension. 
 
Figure 6.43. 17O (20.0 T, 20 kHz MAS) DP NMR spectra of 17O-enriched (a) Si-γ-
Al2O3 4th graft (5.2 wt% Si) (700 °C for 12 h) (b) Si-γ-Al2O3 (500 °C for 24 h) and (c) 
amorphous SiO2 (
17O-enriched during synthesis). * denotes a spinning sideband. 
Spectra are the result of averaging 4096 transients separated by a recycle interval of 




Figure 6.44. 17O z-filtered 3QMAS NMR spectra of Si-γ-Al2O3 (1.5 wt% Si) (
17O-
enriched at 500 °C for 24 h) (black), Si-γ-Al2O3 4th graft (5.2 wt% Si) (
17O-enriched 
at 700 °C for 12 h) (blue) and 17O-enriched amorphous SiO2, (pink). Spectra were 
acquired at (a) 20.0 T and 20 kHz MAS and (b) 14.1 T and 14 kHz MAS. A shearing 
transformation has been applied in all spectra. In (a), the black spectrum is the result 
of averaging 1320 transients separated by a recycle interval of 0.5 s, for each of 50 t1 
increments of 25 μs. Excitation and conversion pulses were applied with ν1 ≈ 63 kHz 
and the CT selective pulse with ν1 ≈ 10 kHz.  The spectrum shown was processed with 
50 Hz Lorentzian broadening in both the direct and indirect dimension. The blue 
spectrum is the result of averaging 1128 transients separated by a recycle interval of 
0.5 s, for each of 60 t1 increments of 25 μs. Excitation and conversion pulses were 
applied with ν1 ≈ 63 kHz and the CT selective pulse with ν1 ≈ 10 kHz. In (b), The blue 
spectrum is the result of averaging 3456 transients separated by a recycle interval of 
0.5 s, for each of 80 t1 increments of 17.86 μs. The pink spectrum is the result of 
averaging 576 transients separated by a recycle interval of 1 s, for each of 120 t1 
increments of 17.86 μs. For both spectra, excitation and conversion pulses were 
applied with ν1 ≈ 63 kHz and the CT selective pulse with ν1 ≈ 11 kHz. 
 
Figure 6.45. 1H (14.1 T, 20 kHz MAS) NMR spectra of γ-Al2O3 (blue), Ti-γ-Al2O3 
(red) and Ti-Al M50 (green). ♦ denotes a peak from the rotor cap.21 Spectra were 
obtained by averaging 16 transients separated by a recycle interval of 0.5 s. 
 
Figure 6.46. (a) 27Al (14.1 T, 20 kHz MAS) DP NMR spectra and (b) 1H-27Al (14.1 
T, 14 kHz MAS, CP = 0.8 ms) CP NMR spectra of of γ-Al2O3 (blue), Ti-γ-Al2O3 (red) 
and Ti-Al M50 (green). In (b) spectra have been normalised with respect to the Al(VI) 
resonance. * denotes a spinning sideband. In (a), spectra were obtained by averaging 
512 transients separated by a recycle interval of 3 s. In (b), spectra were obtained by 
averaging 4096 (γ-Al2O3 (blue)) or 8192 (Ti-γ-Al2O3 (red) and Ti-Al M50 (green)) 
transients separated by a recycle interval of 1 s. 
Figure 6.47. 1H-27Al (9.4 T, 14 kHz MAS) D-HQMC 1D NMR spectra of (a) Ti-γ-
Al2O3 and (b) Ti-Al M50, acquired using rec = 0.43 (blue), 0.86 (red) or 1.72 ms 
(green). In both (a) and (b) spectra have been scaled with respect to the number of 
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transients averaged in each experiment. In (a), spectra are the result of averaging 17280 
(0.43 ms) or 20736 transients (0.86 and 1.72 ms) separated by a recycle interval of 1 
s. In (b), spectra are the result of averaging 20736 transients separated by a recycle 
interval of 1 s. In all experiments, active recoupling of the 1H-27Al dipolar interaction 
was achieved using the SR421 scheme,
18 with ν1 ≈ 2νR. 
 
Figure 6.48. 1H-27Al (14.1 T, 40 kHz MAS) D-HMQC spectra of (a) Ti-γ-Al2O3, and 
(b) Ti-Al M50, acquired with τrec = 0.3 ms. (c) Schematic representations of the 
functional groups observed in the spectra shown in (a) and (b), along with 
corresponding 1H δiso values. In (a), the spectrum is the result of averaging 2432 
transients separated by a recycle interval of 1 s, for each of 18 t1 increments of 50 μs. 
In (b), the spectrum is the result of averaging 2560 transients separated by a recycle 
interval of 1 s, for each of 20 t1 increments of 50 μs. In both experiments, active 
recoupling of the 1H-27Al dipolar interaction was achieved using the SR421 scheme,
18 
with ν1 ≈ 2νR. 
 
Figure 6.49. (a) 27Al (14.1 T, 14 kHz MAS) z-filtered 3QMAS NMR spectra of γ-
Al2O3 (blue), Ti-γ-Al2O3 (red) and Ti-Al M50 (green). A shearing transformation has 
been applied in all spectra. (b) Cross sections parallel to δ1 extracted from the spectra 
shown in (a). * denotes a spinning sideband. In (a), the spectrum is the result of 
averaging 48 transients separated by a recycle interval of 3 s, for each of 130 t1 
increments of 25 μs. In (b) and (c), spectra are the result of averaging 48 transients 
separated by a recycle interval of 2 s, for each of 100 t1 increments of 25 μs. In all 
experiments, excitation and conversion pulses were applied with ν1 ≈ 110 kHz and the 
CT selective pulse with ν1 ≈ 9 kHz. 
 
Figure 6.50. 17O (14.1 T, 14 kHz MAS) DP NMR spectra of (a) γ-Al2O3 (blue), (b) 
Ti-γ-Al2O3 (red) and (c) Ti-Al M50 (green). * denotes a spinning sideband. the 
spectrum is the result of averaging (a) and (b) 4096 or (c) 10000 transients separated 
by a recycle interval of (a) and (b) 0.5 or (c) 3 s. A spin echo pulse sequence was used 




Figure 6.51. 17O (14.1 T, 14 kHz MAS) DP NMR spectra of TiO2 (anatase) (black) 
and Ti-Al M50 (green), 17O-enriched at 500 °C for 12 h. * denotes a spinning sideband. 
Spectra are the result of averaging 2048 (black) or 10000 transients (green) separated 
by a recycle interval of 3 s. ν1 ≈ 63 kHz. 
 
Figure 6.52. 17O z-filtered 3QMAS NMR spectra of γ-Al2O3 (blue), Ti-γ-Al2O3 (red) 
and Ti-Al M50 (green), 17O-enriched at 500 °C for 12 h, acquired at (a-c) 14.1 T and 
14 kHz MAS and (d) 9.4 T and 14 kHz MAS. A shearing transformation has been 
applied in all spectra. Peak assignments are as follows: 1 = Al-O-Al (OAl4); 2 = Al-
O-Al (OAl3); 3 = Ti-O-Ti (OTi3). In (a), the spectrum is the result of averaging 360 
transients separated by a recycle interval of 1 s, for each of 160 t1 increments of 17.86 
μs. Excitation and conversion pulses were applied with ν1 ≈ 63 kHz and the CT 
selective pulse with ν1 ≈ 11 kHz. 
1H decoupling was carried out using continuous wave 
decoupling with ν1 ≈ 55 kHz. In (b), the spectrum is the result of averaging 2280 
transients separated by a recycle interval of 0.5 s, for each of 54 t1 increments of 17.86 
μs. Excitation and conversion pulses were applied with ν1 ≈ 63 kHz and the CT 
selective pulse with ν1 ≈ 11 kHz. In (c), the spectrum is the result of averaging 1680 
transients separated by a recycle interval of 2 s, for each of 50 t1 increments of 17.86 
μs. Excitation and conversion pulses were applied with ν1 ≈ 63 kHz and the CT 
selective pulse with ν1 ≈ 11 kHz. In (d), the spectrum is the result of averaging 8400 
transients separated by a recycle interval of 1 s, for each of 30 t1 increments of 17.86 
μs. Excitation and conversion pulses were applied with ν1 ≈ 71 kHz and the CT 
selective pulse with ν1 ≈ 13 kHz. The spectrum shown was processed with 100 Hz 
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Appendix B. Primary and Secondary Chemical Shift 
References 
 
Unless otherwise specified, all spectra presented in this thesis were referenced relative 
to a primary reference compound (δ = 0) using the secondary reference compounds 
detailed in the table below. 
 
Table B1. Primary and secondary chemical shift references used in this work.1-8 
a. δiso = 0.0 ppm, CQ = 3.0 MHz, ηQ = 0.165 
b. 87Rb has been demonstrated by Skibsted and Jakobsen to have temperature-dependent NMR 
parameters (i.e., δiso, CQ).7 





(δiso = 0 ppm) 
Secondary Reference (ppm) 
1H (CH3)4Si L-alanine: NH3 δiso = 8.5 
Adamantane: δiso = 1.9 
13C (CH3)4Si L-alanine: CH3 δiso = 20.5 
17O H2O - 
27Al 1 M Al(NO3)3 (aq) 
 
Aluminium acetylacetonate (Al(acac)3): 
downfield singularity δ = −1.1 (14.1 T); 
centre of gravity δ = −4.2 
(9.4 T)a 
29Si (CH3)4Si Octakis(trimethylsiloxy)silsesquioxane 
(Q8M8): OSi(CH3)3 δiso = 11.5 
87Rb 1 M RbNO3 (aq)
b RbCl (s):  δ = 128b 
93Nb Saturated solution 
of NbCl5 in wet 
acetonitrile 
LiNbO3: downfield singularity δ = 
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Appendix C. Coefficients for Second-Order Quadrupolar 
Perturbation Theory 
 
Table C1. Coefficients An (I,m
I
) for nuclei with half-integer spin. 
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Appendix D. Gradients for MQMAS Experiments 
 
Table D1. Gradients for R (A4(I,mI)/A4(I,1/2)), distCS and distQ in an unsheared MQMAS experiment. 
 







































































Table D2. Gradients for R (A4(I,mI)/A4(I,1/2)), distCS and distQ in sheared z-filtered or split-t1 
experiments. 
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Appendix E. Powder XRD Patterns 
 
Powder XRD patterns shown below were acquired with PANalytical Empyrean or 
STOE STADIP diffractometers. PANalytical Empyrean diffractometers were operated 
in reflection, Bragg–Brentano, θ-2θ mode, and equipped with Cu X-ray tube, primary 
beam monochromator (CuKα1, λ = 1.5406 Å) and X’celerator RTMS detector. STOE 
STADIP diffractometers were operated with powdered samples sealed in capillaries, 
in Debye–Scherrer mode, equipped with a Cu X-ray tube, primary beam 
monochromator (CuKα1, λ = 1.5406 Å) and scintillation position-sensitive linear 
detector. 2θ ranges and scan durations are provided in figure captions. Offline 
processing of PXRD data was performed using Profex.1 The assistance of Miss Giulia 
Bignami (St Andrews) with mounting of sample capillaries is gratefully 
acknowledged. 
 









Figure E2. PXRD pattern of commercially obtained γ-Al2O3. 2θ range = 5-80° and scan duration = 1 
h. 
 
Figure E1 shows the PXRD pattern of commercially obtained MgAl2O4. Phase identity 
was confirmed by comparison with published data.2,3 
 
Figure E2 shows the PXRD pattern of commercially obtained γ-Al2O3. Phase identity 
was verified by comparing the acquired pattern against published data.4,5 
 
Figure E3 shows the PXRD pattern of commercially obtained Si-γ-Al2O3 (1.5 wt% Si). 
 
Figure E4 shows the PXRD pattern of commercially obtained TiO2. Confirmation of 
phase-pure anatase was obtained via comparison with published powder patterns of 







Figure E3. PXRD pattern of commercially obtained Si-γ-Al2O3 (1.5 wt% Si). 2θ range = 5-80° and 
scan duration = 1 h. 
 
 





Figure E5. PXRD pattern of Ti-γ-Al2O3. 2θ range = 10-90° and scan duration = overnight. 
 
 




Figure E5 shows the PXRD pattern of Ti-γ-Al2O3. 
 
Figure E6 shows the PXRD pattern of Ti-Al M50. Comparison with published studies4-
10 and solid-state NMR data suggests that this is a two-phase solid composed of 
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Figure F1. Pulse sequence for the D-HMQC experiment.1,2 In this work, the SR421 dipolar recoupling 
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Appendix G. List of Abbreviations and Symbols 
 
1D   One-Dimensional 
2D   Two-Dimensional 
3D   Three-Dimensional 
3QMAS  Triple-Quantum Magic Angle Spinning 
ASR   Absolute Sensitivity Ratio 
B    Magnetic Field 
B0   Strength of Applied Magnetic Field 
B1   Strength of Applied Pulse 
BABA   Back-to-Back 
BMS   Bulk Magnetic Susceptibility 
CE   Cross Effect 
CP   Cross Polarisation 
CPMG   Carr-Purcell Meiboom-Gill 
CQ   Quadrupolar Coupling Constant 
CRAMPS  Combined Rotation and Multiple-Pulse Spectroscopy 
CSA   Chemical Shift Anisotropy 
CT   Central Transition 
CW   Continuous Wave 
DAS   Dynamic Angle Spinning 
DFT   Density Functional Theory 
D-HMQC  Dipolar HMQC 
distCS    Distribution of Chemical Shifts 
distQ   Distribution of Quadrupolar Parameters 
DME   Dimethyl Ether 
DNP   Dynamic Nuclear Polarisation 
DOR   Double Rotation 
DP   Direct Polarisation 
DQ   Double Quantum 
DUMBO  Decoupling Using Mind-Boggling Optimisation 
E   Energy 
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eDROOPY Experimental Decoupling is Robust for Offset or Power 
Inhomogeneity 
EFG   Electric Field Gradient 
FCC   Fluid Catalytic Cracking 
FID   Free Induction Decay 
F-T   Fischer-Tropsch 
FT   Fourier Transform 
h   Planck’s Constant 
ħ   Reduced Planck’s Constant 
HETCOR  Heteronuclear Correlation 
HMQC  Heteronuclear Multiple-Quantum Correlation 
HTF-T   High Temperature Fischer-Tropsch 
I   Intrinsic Spin Angular Momentum Vector 
I   Spin Quantum Number 
ICP OES  Inductively Coupled Plasma Optical Emission Spectroscopy 
INADEQUATE Incredible Natural Abundance Double Quantum Transfer 
Experiment 
INEPT   Insensitive Nuclei Enhanced by Polarisation Transfer 
LT MAS  Low Temperature Magic Angle Spinning 
LTF-T   Low Temperature Fischer-Tropsch 
M0   Bulk Magnetisation Vector 
MAS   Magic Angle Spinning 
mI   Magnetic Quantum Number 
MQMAS  Multiple-Quantum Magic Angle Spinning 
MSI   Metal-Support Interaction 
NMR   Nuclear Magnetic Resonance 
p    Coherence Order 
PAS   Principle Axis System 
PISSARRO Phase-Inverted Supercycled Sequence for Attenuation of 
Rotary Resonance 
ppm   Parts Per Million 
PQ   Quadrupolar Product 
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PXRD   Powder X-ray Diffraction 
Q8M8   Octakis(trimethylsiloxy)silsesquioxane 
REDOR  Rotational Echo Double Resonance 
rf   Radiofrequency 
R-INEPT  Refocused INEPT 
RSS   Residual Sum of Squares 
RT   Room Temperature 
SE   Solid Effect 
SENS   Surface Enhanced NMR Spectroscopy 
SIMPSON  A General Simulation Program for Solid-State NMR 
Spectroscopy 
SMSI   Strong Metal Support Interaction 
SOLA   Solid Lineshape Analysis 
SPINAL  Small Phase Incremental Alternation 
SQ   Single Quantum 
ST   Satellite Transition 
STMAS   Satellite-Transition Magic Angle Spinning 
t1   Evolution Period 
T1   Longitudinal Relaxation (Spin-Lattice Relaxation) 
t2   Detection Period 
T2   Transverse Relaxation (Spin-Spin Relaxation) 
TPPM   Two Pulse Phase Modulation 
USY   “Ultrastable” Zeolite Y 
VT   Variable Temperature 
XiX   X-inverse-X 
XPS   X-ray Photoelectron Spectroscopy 
XRD   X-ray Diffraction 
   Flip Angle 
   Gyromagnetic Ratio 
δ   Chemical Shift 
δiso   Isotropic Chemical Shift 
ηQ   Quadrupolar Asymmetry Parameter 
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τCP   CP Contact Time 
τD   Dead Time 
τJ   J Evolution Time 
τP   Pulse Duration 
τrec   Dipolar Recoupling Time 
   Temporal Frequency 
  Angular Frequency 
   Offset Frequency
    Density Operator 
   Shielding Tensor  
   Magnetic Dipole Moment 
 
 
 
 
